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Nitrones  have  long  been  used  in  organic  synthesis .  There 
are  several  examples  of  nitrones  undergoing  dipolar 
cycloaddition  reactions,  and  examples  exist  where  nitrones 
act  as  electrophiles .  However,  not  much  is  known  about 
nitrone  anions.  The  few  examples  reported  have  indicated  that 
these  anions  are  susceptible  to  dimerization .  Upon 
deprotonation  of  a  nitrone,  there  exist  two  dipoles  in  the 
system  capable  of  reacting  with  a  dipolarophile  in  a 
cycloaddition  reaction,  one  being  the  usual  nitrone  dipole  to 
form  an  isoxazolidine  ring.  The  other,  more  intriguing, 
possibility  is  the  new  dipole  reacts  to  form  a  pyrrolidine 
ring.  There  have  been  no  published  reports  of  a  nitrone  anion 
undergoing  a  cycloaddition  reactions  so  far. 


viii 


N-benzyl-a-phenyl  nitrone  was  shown  to  undergo 
cycloadditions  with  £-methyl  cinnamate  and  E-2- 
( phenylsulf onyl )  styrene  to  form  the  corresponding 
pyrrolidine  rings. 

N-methyl  and  W-benzyl-a-tert-butoxycarbonyl  nitrones 
have  also  been  shown  to  undergo  cycloaddition  reactions  with 
E-methyl  cinnamate.  Thus,  functionalized  nitrone  anions  have 
been  shown  to  undergo  cycloadditions  with  the  incorporation 
of  useful  and  reactive  substituents  on  the  ensuing 
pyrrolidine  rings. 

Finally,  nitrones  have  been  shown  to  undergo 
intramolecular  cycloaddition  reactions  to  form  complex 
tricyclic  molecules.  A  series  of  intramolecular  substrates 
were  synthesized  from  a  salicylaldehyde  nucleus,  with 
different  stabilization  of  the  nitrone  anion  and  varying 
degrees  of  activation  of  the  dipolarophile.  Only  a  moderate 
stabilization  of  the  dipolarophile  was  required  for 
successful  cycloaddition. 
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CHAPTER  1 
INTRODUCTION 


Synthesis  of  the  pyrrolidine  ring  using  the  [3+2] 
methodology  has  received  great  attention  in  the  past.  This  is 
due  to  the  regular  appearance  of  the  pyrrolidine  ring  in 
various  natural  products  and  many  biologically  active 
compounds  (Figure  1-1).  Kainic  acid,  1,  was  isolated  from 
the  Japanese  alga  diginea  simplex.  Kainic  acid  has  been  shown 
to  selectively  block  neuronal  processes  and  is  a  valuable 


1 :  Kainic  Acid  2 :  Borrecapine  3  :  Quinocarcin 


Figure    1-1:  Pyrrolidine  in  natural  products. 

tool  in  the  study  of  neurof unctioning  (1).  It  also  possesses 
potent  anthelmintic  and  insecticidal  activities.  Pyrrolidine 
rings  are  most  prevalent  in  alkaloids.  Borrecapine,  2,  and 
guinocarcin,   3,    Figure    1-1,    are  alkaloids  which  possess 


2 


antitumor  and  antibiotic  properties.  These  are  a  small 
representation  of  a  very  large  number  of  alkaloids  with 
pyrrolidine  rings  (2,3,4). 

Pyrrolidine  rings  are  also  a  common  feature  in 
pharmaceuticals .  The  most  common  example  is  their  occurrence 
in  inhibitors  of  angiotensin  converting  enzymes  (ACE). 
Inhibitors  of  ACE  are  antihypertensive  drugs.  Captopril,  4, 
Figure  1-2,  was  the  first  non-peptidic  orally  active  ACE 
inhibitor  to  be  introduced  for  this  treatment  (5).  Several 
analogs  of  these  compounds,  captopril,  4,  and  enalpril,  5, 
Figure  1-2,  have  been  synthesized,  but  more  about  these 
compounds  will  be  discussed  in  chapter  3. 


0  C02H 

H        0  C02H 

4  :  Captopril 

5 : Enalpril 

Figure    1-2:  ACE  inhibitors. 

Another  class  of  compounds  where  pyrrolidine  rings  have 
received  synthetic  attention  are  peptidomimetics  of  p-turns, 
as  these  peptidomimetics  contain  substituted  prolines,  p- 
turns  have  a  central  role  in  several  biological  processes 
like  the  conformation  of  active  sites  of  enzymes,  as  well  as 
antigen-antibody  and  peptide -hormone  recognition  (6,7).  Small 
organic  molecules  have  been  synthesized  which  have  the 
natural  p-turn  conformation  locked  in.  These  molecules  are 


more  conf ormationally  rigid  than  their  natural  counterparts 
which  maintain  their  shape  by  hydrogen  bonding  (8,9).  The  use 
of  such  conformational  constraints  have  important 
implications  in  understanding  biological  processes  and  in 
drug  design.  Our  group  has  historically  been  interested  in 
peptidomimetics ,  spirolactam  6  having  been  previously 
synthesized  by  Richards   and  coworkers,    which    is    an  a- 

alkylated  proline  (10). 


Figure    1-3:  A  (3-turn  mimetic. 

The  importance  of  pyrrolidine  rings  is  underscored  by 
the  preponderance  of  methodologies  developed  towards  these 
targets.  The  diverse  utility  of  pyrrolidine  rings  will  now  be 
studied  by  exploring  the  many  methodologies  reported  towards 
their  syntheses.  Intramolecular  ene  strategy  (11,12,13), 
electrophilic  promoted  cyclization  of  an  unsaturated  amine 
(14-17)  and  tandem  aza-Cope,  Mannich  cyclization  (18)  are 
some  of  these  methodologies. 
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6 : Spirolactam 
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Figure  1-4:  A  classification  of  1,3-dipoles  consisting  of 
carbon,  nitrogen  and  oxygen  centers. 
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The  most  powerful  method  for  the  synthesis  of 
pyrrolidine  rings  is  one  in  which  two  of  the  ring  bonds  are 
formed  in  one  step.  This  can  be  achieved  in  dipolar 
cycloaddition  reactions,  which  are  commonly  used  to  make 
heterocycles .  The  term  1,3-dipole  was  coined  in  the  Munich 
laboratories  of  Huisgen.  This  concept  was  postulated  during 
the  study  of  addition  of  diazoalkanes  to  angularly  strained 
double  bonds  in  1957.  One,  three  additions  which  would 
conform  to  this  scheme  had  previously  been  studied  (19),  but 
possible  extension  and  classification  of  these  reactions  as 
cycloadditions  was  not  established.  A  complete  list  of  the 
dipoles  and  their  classification  as  proposed  by  Huisgen  is 
presented  in  Figure  1-4. 


Figure    1-5:  A  1,3-dipolar  cycloaddition. 

A  1,3-dipole,  a-b-c  was  defined  such  that  atom  a 
possesses  an  electron  sextet  (i.e.,  an  incomplete  valence 
shell  combined  with  a  positive  formal  charge)  and  such  that 
atom  c  has  a  negative  charge  and  an  unshared  pair  of 
electrons.  Combination  of  such  a  dipole  with  a  system  d-e, 
termed  as  dipolarophile,  gives  a  5-membered  cyclic  system, 


d=e 
8 
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and  was  defined  as  the  dipolar  cycloaddition  reaction  Figure 
1-5  (20-26). 

Since  compounds  with  nitrogen,  oxygen  and  carbon  are 
unstable  with  a  sextet,  the  dipole  has  a  physical 
significance  when  the  sextet  on  a  is  stabilized  by  a  lone 
pair  of  electrons  on  atom  b,  therefore  b  is  usually  a 
heteroatom  with  a  lone  pair  of  electrons.  Of  all  the  dipoles 
studied  by  Huisgen,  only  the  azomethine  ylide,  Figure  1-4, 
can  lead  to  pyrrolidine  rings.  Before  exploring  the 
cycloaddition  we  propose  to  study,  a  look  at  existing 
cycloadditions  which  lead  to  pyrrolidine  rings  would  be  well 
advised . 

Pyrrolidine  Rings  from  Azomethine  Ylides 

Synthesis  of  Azomethine  Ylides 

Synthetic  chemists  have  long  striven  to  perfect  several 
methods  of  generation  of  azomethine  ylides  and  utilize  them 
in  the  syntheses  of  many  natural  products  (27).  A  brief 
summary  of  the  methods  to  synthesize  these  ylides  is 
presented  in  Figure  1-6. 

Desilvlation  of  N-(Trimethvlsilvl ) methyl  Iminium  Ions 

This  is  the  most  useful  method  for  the  generation  of 
azomethine  ylides.  One  of  the  key  advantages  of  this  method 
is  the  generation  of  azomethine  ylides  under  mild  conditions, 


without  the  use  of  activating  or  stabilizing  groups.  The  work 
in  this  area  was  pioneered  by  Vedejs,  and  his  group  has  used 
this  chemistry  towards  some  elegant  total  syntheses  (28). 


1.  Desilylation   of  N-( trimethylsilyl)methyl  iminium  ions 


R 
1  + 


Me^Si^ 


R 
1  + 


2.  Ring  opening  of  aziridines 
R 


R 


R 


R/  12  X  13 

3.  Azomethine  ylides  derived  from  a-amino  acids  and  their 
esters  R 

W  R 


C02H  _co2  15 


-H+ 


R  R 

R-^A^*'   ►  R"^^^' 

16  "  15 

4 .  Treatment  of  amine  N-oxides  with  a  strong  base 

R     o"  R 
  17  -18 


Figure    1-6:  Methods  of  generation  of  azomethine  ylides. 

This  methodology  has  been  used  to  synthesize  the 
alkaloids  retronecine  2  4,  and  indicine  2  5,  Figure  1-7  (29- 
33).  The  lactam  19  after  O-methylation  gave,  the  iminium  ion, 
which  on   treatment  with   the   fluoride   ion   desilylates  to 
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generate  the  azomethine  ylide  2  0.  The  ylide  then  cyclizes 
with  methyl  acrylate  to  give  the  basic  skeleton  of  the 
desired  alkaloids  2  4  and  2  5. 


Figure  1-7:  Azomethine  ylides  in  syntheses  of  pyrrolizidine 
alkaloids.  Reagents  and  conditions:  i:  MeOTf,  CsF.  ii:  Methyl 
acrylate  iii:  Loss  of  MeOH.  iv:  a)  Dibal  b)  PhSeCl  c)  mCPBA. 

A  useful  extension  of  this  method  has  been  developed  by 
Padwa  and  coworkers  where  simple  unstabilized  ylides, 
otherwise  unstable,  are  generated  (34).  Silver  assisted 
decyanation  forms  the  iminium  ion  and  the  anion  is  uncovered 
by  the  fluoride.  The  application  of  this  methodology  in  a 
total  synthesis  was  demonstrated  by  them  in  the  synthesis  of 
Reniera  isoindole,  3  1,  Figure   1-8  (34,35). 
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Figure  1-8:  Padwa's  extension  of  the  desilylation  method  of 
generation  of  azomethine  ylides. 

Ring  Opening  of  Aziridines:  Thermal  and  Photochemical 

This  method  of  generating  the  azomethine  ylide  has  been 
around  for  several  years.  The  first  evidence  of  thermal 
carbon-carbon  bond  cleavage  was  reported  by  Heine  and  Peavy 
(36).  The  first  example  of  utilizing  this  reaction  in  a 
natural  product  synthesis  was  reported  by  DeShong  about 
twenty  years  later,  in  the  synthesis  of  allo-Kainic  acid 
(37,1).  This  method  of  generating  the  ylide  has  been 
sparingly  used  in  natural  product  synthesis  due  to  the  harsh 
conditions  required  to  generate  the  ylide.  These  conditions 
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typically  involve  temperatures  in  excess  of  150  °C.  However, 
the  conditions  are  less  harsh  when  the  ring  is  activated.  In 
Deshong's  synthesis  of  allo-kainic  acid,  Figure  1-9,  the 
aziridine  3  2  was  thermolized  at  175  °C  in  toluene  and  the 
dipole  was  trapped  by  enone  3  4  to  give  the  substituted 
pyrrolidine  ring  3  5.  The  last  step  is  the  base  catalyzed 
hydrolysis  and  epimerization  to  give  allo-kainic  acid  3  8. 


allo-Kainic  Acid 


Figure  1-9:  DeShong ' s  synthesis  of  allo-kainic  acid. 
Reagents  and  conditions:  i:  175  °C,   Toluene,   ii:   a.  Ph3P=CH2 

b.  TBAF  c.  Jones  oxidation,  d.  CH2N2  e.  cx-chloroethyl 
chlorof ormate .  iii:  NaOH,  Heat. 

Recently,     Garner    and    coworkers    have  synthesized 
guinocarcin,   3,     Figure     1-1,    using    photochemically  ring 


opened  aziridines  (4).  This  group  has  also  done  some 
excellent  work  towards  the  asymmetric  synthesis  of  complex 
pyrrolidine  containing  molecules  using  thermal  ring  opening 
of  aziridines  (38).  This  was  achieved  by  using  Oppolzer's 
camphor  sultam  as  a  chiral  auxiliary  for  the  dipolarophiles . 
Whereas  this  work  has  successfully  synthesized  some  fairly 
complex  molecules  the  conditions  required  are  harsh,  with 
temperatures  up  to  200  °C. 

Azomethine  Ylides  Derived  from  a-Amino  Acids  and  their  Esters 

The  prototropic  generation  of  1,3-dipoles  was  first 
reported  by  Grigg  (39-41)  and  Jocula  (42-44). 


H 


Figure  1-10:  Azomethine  ylides  by  1,2  proton  shift.  Reagents 
and  conditions:  i:  Xylene,  reflux. 
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The  ease  of  generation  of  the  dipole  depends  on  the 
basicity  of  the  central  atom  Y  and  the  pKa  of  the  ZH  proton. 
The  formal  1,2-proton  shift  proceeds  at  reasonable 
temperatures  when  the  imines  derived  from  a-amino  acid  esters 

are  used. 

The  1,3-dipole  can  also  be  generated  by  the 
deprotonation  of  the  imines  formed  from  amino  acid  esters. 
The  main  requirement  in  this  method  of  generation  of  anions 
is  that  there  be  no  enolizable  protons  at  Ri  and  R2  positions 
in  43. 


ft 

^C02R4 

Base^  R 

r  43 

R2 

Figure    1-11:  Azomethine  ylides  in  basic  conditions. 

Kraus  has  reported  a  synthesis  of  allo-kainic  acid  using 
this  methodology,  Figure  1-12  (45).  This  synthesis  was 
reported  before  the  DeShong  synthesis  which  used  azomethine 
ylide  generated  by  ring  opening  of  aziridine.  In  Kraus' 
synthesis,  4  4,  Figure  1-12,  has  no  enolizable  protons  at  Ri 
and  R2  as  required.  Deprotonation  by  triethylamine  gives  the 
azomethine  ylide,  which  is  subsequently  trapped  by  an  enone 
similar  to  the  one  used  by  DeShong.  The  cyclized  adduct  4  7  is 
then  subjected  to  straightforward  transformations  to  give 
allo-kainic  acid  49. 
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Figure  1-12:  Kraus '  allo-kainic  acid  synthesis.  Reagents  and 
conditions:  i:  Triethylamine.  ii:  a)  Tributyltin  hydride  b) 
HC1,  EtOH. 

Treatment  of  Amine  N-oxides  with  a  Strong  Base 

This  method  utilizes  an  amine  oxide  like  5  0,  Figure  1-13, 
which  on  treatment  with  a  base  such  as  lithium  aluminum 
hydride  gives  the  azomethine  ylide  which  can  be  trapped  by  an 


Figure  1-13:  Azomethine  ylides  from  N-oxides.  Reagents  and 
conditions:  i:  LDA. 
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olefin  (46-49).  This  method  is  extremely  powerful  as  it  is 
the  only  method  in  which  an  unactivated  olefin  can  cyclize 
with  an  unstabilized  azomethine  ylide. 

Pyrrolidine  Rings  from  Azaallyl  Anions 

The  next  cycloadditions  studied  were  those  with  azaallyl 
anions.  These  are  of  particular  interest  due  to  the  strongly 
basic  conditions  needed  for  their  generation  and  the 
requirement  of  a  non-enolizable  proton.  These  conditions  are 
similar  to  the  conditions  needed  for  the  nitrone  anions  we 
propose  to  study. 

Allyl  anions  generally  do  not  undergo  cycloaddition 
reactions,  but  in  the  case  of  azaallyl  anions,  there  is  a 
shift  of  the  electron  density  to  the  more  electronegative 
nitrogen.  Azaallyl  anions,  therefore,  offer  another  path  to 
pyrrolidine  rings  via  cycloaddition  (27).  The  azaallyl  anion 
is  not  a  dipole  as  per  Huisgen's  definition  of  a  dipole,  but 
it    can    behave    as    the    4ji-electron    partner    in  dipolar 

cycloaddition.  The  key  difference  between  azaallyl  anions  and 
azomethine  ylides  is  the  presence  of  an  extra  substituent  on 
nitrogen  in  the  azomethine  ylides.  Also  the  net  charge  on  an 
azomethine  ylide  is  zero  whereas  the  azaallyl  anion  has  a  net 
negative  charge. 

Ingold  proposed  the  azaallyl  anion  as  an  intermediate  in 
the  base  catalyzed  rearrangement  of  N- ( arylidene ) benzyl 
amines,  Figure   1-14  (50). 


15 


Ar       N     ^Ar 1 


54 


EtONa 


EtOH 


EtOH 


Ar 


Ar ' 


EtONa 


56 


Figure    1-14:  Ingold's  proposed  azaallyl  anion  intermediate. 

Hauser  later  described  the  first  irreversible  generation 
of  the  azaallyl  anion  (51).  It  was  not  till  much  later  that 
Kauf fmann  demonstrated  the  ability  of  these  anions  to  undergo 
cycloaddition,  Figure   1-15  (52,53). 


Figure  1-15:  Cycloaddition  of  azaallyl  anions  by  Kauf fmann. 
Reagents  and  conditions:  i:  LDA. 


Synthesis  of  the  Azaallyl  Anion 

The  methods  of  generating  the  azaallyl  anion  are  similar 
to  those  of  generating  the  azomethine  ylides: 

1 .  Deprotonation  of  imines 

2 .  Ring  opening  of  N-metalloaziridines 

3.  Anionic  cycloreversion  of  of  N-lithioazolidines 

4.  Cleavage  of  carbon-silicon  and  carbon-tin  bonds. 

Methods  1,2  and  4  have  precedence  in  generation  of  azomethine 
ylides  as  we  have  seen  earlier.  The  third  method  is  exclusive 
to  the  azaallyl  anions. 
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Deprotonation  of  Imines 


Some  of  the  most  successful  instances  of  cycloaddition 
using  azaallyl  anions  are  intramolecular  eye loaddit ions, 
however,  these  will  be  discussed  in  a  future  chapter 
dedicated  to  intramolecular  reactions.  The  major  cause  for 
concern  in  this  method,  as  in  the  case  of  azomethine  ylides, 
is  the  formation  of  undesired  the  1-azaallyl  anion  61  versus 
the  desired  2-azaallyl  anion  62,  Figure  16a. 
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Figure    1-16:  Generation  of  2-azaallyl  anions. 


One  of  the  strategies  utilized  to  prevent  this,  is 
through  the  use  of  imines,  like  63,  Figure  16b,  that  have  no 
enolizable  protons.    A  second   situation  where  1-azaallyl 
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formation  can  be  prevented  is  with  imines  that  bear  a  strong 
anion  stabilizing  group,  like  6  5,  Figure  16c.  Dehnel  and 
coworkers  used  the  deprotonation  of  6  5  to  generate  an 
azaallyl  anion  that  will  undergo  cycloaddition  (54). 

Azaallyl  anions,  which  have  strong  electron  withdrawing 
substituents ,  can  participate  in  several  reactions  like 
alkylations,  aldol  condensations,  and  Michael  additions,  but 
they  are  not  particularly  useful  in  cycloadditions  (55,27). 
Similarly,  in  the  case  of  the  ring  opening  of 
metalloaziridines ,  the  cycloadditions  are  more  successful  in 
the  intramolecular  reactions,  which  will  be  discussed  later. 

Anionic  Cycloreversion  of  N-Lithioimidazolidines 

Pearson  and  coworkers  observed  that  the  imine  6  9, 
Figure  1-17,  underwent  deprotonation  slow  enough  to  undergo 
dimerization  (i.e.  the  azaallyl  anion  7  0  can  react  with 
another  C-N  double  bond  of  another  azaallyl  anion)  and  form 
dimers  71a  and  71b  in  substantial  amounts  (56).  Moreover,  it 
was  observed  that  if  the  reaction  was  allowed  to  proceed,  the 
dimers  cycloreverted  back  to  azaallyl  anion  7  0,  which  then 
cyclized  to  give  the  cycloadduct  7  2. 

This  methodology  has  been  extended  to  intermolecular 
cycloadditions  and  other  imidazoles  which  are  not  dimers,  7  3, 
Figure  1-17.  It  was  also  found  that  the  terminal  substituent 
on  the  imine  moiety  has  a  large  impact  on  the  success  of  the 
cycloaddition . 
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Figure  1-17:  Generation  of  2-azaallyl  anions  by 
cycloreversion  of  dimers. 

Cleavage  of  Carbon-silicon  and  Carbon-tin  Bonds 

This  is  the  most  successful  method  for  the  generation  of 
azaallyl  anions.  Pearson  and  coworkers  have  been  at  the 
forefront  of  most  of  the  innovations  and  applications  of  this 
chemistry  (56-60).  it  was  found  that  the  generation  of  the 
azaallyl  anion  using  fluoride  for  desilylation  of  7  5,  Figure 
1-18,  was  erratic  and  did  not  go  to  completion.  However,  it 
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is  well  known  that  tin  will  transmetalate  with  lithium  at  low 
temperatures  i.e.  7  6->7  7.  This  method  of  the  generation  of 
the  azaallyl  anion  was  found  to  be  very  successful  in 
cycloaddition  reactions.  It  was  also  the  only  case  of  an 
unstabilized  anion  undergoing  the  cycloaddition  reaction. 
Pearson  and  coworkers  have  reported  several  examples  of 
cycloaddition  using  this  method  of  generating  the  anions  (56- 
60). 


Figure    1-18:  Generation  of  2-azaallyl  anions. 

Pearson  and  coworkers  were  the  first  to  report  the 
synthesis  of  a  natural  product  using  azaallyl  chemistry  (56). 
Mesembrane  8  4,  Figure  1-19,  was  synthesized  efficiently  in 
six  steps.  Allylstannane  81  was  readily  assembled  from  a 
known  keto-ester  7  8.  Generation  of  the  azaallyl  anion, 
intramolecular  cycloaddition  and  quenching  with  methyl  iodide 
afforded  the  cycloadducts  8  2   and   83    in  65%  yield.  Simple 
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reduction  with  Raney  nickel  afforded  the  desired  mesembrane 
along  with  trans-mesembrane  8  5. 


Figure  1-19:  Synthesis  of  mesembrane  from  azaallyl  anions. 
Reagents  and  conditions:  i:  a)  LAH.  b)  (C0C1)2,  DMSO,  NEt3 .  c) 
N3CH2SnMe3.  ii:  a)  MeLi,  Mel.  iii.  Ra(Ni),  EtOH. 

These  studies  of  existing  cycloaddition  methodology 
towards  pyrrolidine  rings  have  provided  several  insights  in 
planning     our    proposed    cycloadditions .    The  historical 
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evolution  of  the  above  methods  parallel  nitrone  anion 
cycloadditions . 

Nitrones :  Reactions  and  Characteristics 

Nitrones  have  a  long  and  interesting  history,  a  fact 
emphasized  by  the  numerous  reviews  that  have  been  published 
on  this  subject  (61-68).  The  majority  of  the  work  in  this 
field  has  been  focussed  on  the  cycloaddition  reactions  of 
nitrones  Figure  1-20.  The  first  example  of  a  cycloaddition 
of  a  nitrone  was  the  addition  of  a  nitrone  to  an  isocyanate 
as  reported  in  the  nineteenth  century  (69-73).  Other  examples 
were  reported  by  several  groups  almost  simultaneously, 
coinciding  with  Huisgen's  groundbreaking  discoveries  in  the 
field  of  cycloaddition  chemistry  (74-77).  Several  examples 
have  been  reported  since,  and  are  well  documented  in  the 
reviews  mentioned  previously. 


Figure  1-20:  General  representation  of  cycloadditions  of 
nitrones . 

Our  work   seeks   to   exploit   some   of   the   less  studied 
properties  of  the  nitrones.  The  name  nitrone  is  derived  by  a 
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contraction  of  nitro-ketone,  used  to  explain  the  nature  of 
this  functional  group.  The  similarities  of  the  nitrone  to  a 
ketone  are  evidenced  by  its  ability  to  accept  electrons  like 
a  carbonyl  group.  Several  nucleophiles  have  been  found  to 
attack  the  carbon  end  of  the  dipole  and  form  a-substituted 
hydroxylamines  91,  Figure  1-21  which  usually  undergo 
secondary  reactions  based  on  the  nature  of  the 
nucleophile. (67,68,78) . 
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Figure  1-21:  Reactions  of  nitrones  with  nucleophiles. 
Reagents  and  conditions:  i:  ArCH2MgCl,  CH2CI2.  ii:  a.  H2, 
RaNi.  b.  H30+. 

Acidity  of  Protons  Next  to  the  Nitrone  Group 

Another  reason  the  nitrone  is  considered  to  be  similar 
to  a  ketone  is  that  the  protons  next  to  this  group  are  fairly 
acidic.  Nitrone-hydroxylamine  tautomerism,  9  6-9  7,  Figure  1- 
22,  is  similar  to  keto-enol  tautomerism.  In  the  case  of  9  6, 
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the  intramolecular  hydrogen  bonding  drives  the  eguilibrium 
towards  the  hydroxy lamine  tautomer  9  7  (79,80).  There  are 
other  examples  of  base  catalyzed  tautomerism  that  point  to 
the  acidity  of  the  proton  next  to  the  carbon  of  the  nitrone 
group.  In  compound  95  the  chemical  shift  of  the  proton  a  to 

the  carbon  of  the  nitrone  group  implies  that  this  proton  is 
fairly  acidic. 
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Figure    1-22:  Acidity  of  protons  next  to  the  nitrone  group 
Behrend  Rearrangement 

This  type  of  rearrangement  was  discovered  by  Behrend  in 
1891,  and  it  is  often  referred  to  by  his  name  (81).  The 
reaction  involves  a  base  catalyzed  proton  abstraction  leading 
to  a  delocalized  carbanion  which  can  be  converted  to  either 
of  the  two  nitrones,  Figure  1-23.  It  was  found  that  all  para 
substituents  (nitro,  chloro,  methyl,  methoxy)  favor  nitrone 
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9  8b.  This  shows  that  the  nitrone  group  is  electronically 
amphoteric  and  can  interact  with  both  electron  donating  and 
withdrawing  groups.  This  conclusion  is  also  supported  by  the 
fact  that  meta  substituents  disfavor  the  nitrone  9  8b.  Ortho 
substituents  also  disfavor  the  form  of  the  nitrone  9  8b  due  to 
steric  hindrance  (82). 


Figure    1-23:  Behrend  rearrangement. 

Proposed  Chemistry 

A  close  examination  of  the  intermediate  9  9  reveals  that 
there  are  actually  two  sets  of  1,3-dipoles  as  per  Huisgen 
definition;  one  being  the  known  nitrone  dipole  which  on 
cyclization  would  form  the  isoxazolidine  ring  101  via  path  a, 
Figure  1-24.  There  exists  another,  more  intriguing, 
possibility,  where  the  nitrone  anion  cyclizes  to  form  the 
pyrrolidine  ring  via  path  b.  This  is  similar  to  the  initial 
cycloaddition  study   based   on   the   Ingold   proposal   of  the 
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azaallyl  anion  as  an  intermediate  in  the  base  catalyzed 
rearrangement  of  N-(arylidene) benzyl  amines  Figure  1-14,  a 
rearrangement  identical  to  the  Behrend  rearrangement. 
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Figure    1-24:  Possible  cycloadditions  of  the  nitrone  anions 

Work  on  expanding  the  list  of  dipoles  discovered  by 
Huisgen  has  mostly  centered  around  third  row  elements,  while 
very  few  new  dipoles  containing  nitrogen  oxygen  and  carbon 
have  been  discovered.  The  nitrone  anion  would  be  a  new 
addition  to  this  important  list  of  compounds.  It  is  important 
to  note  one  major  distinction  between  the  nitrone  anion  and 
all  of  Huisgen 's  dipoles,  in  that  there  is  a  net  negative 
charge  on  the  dipole.  The  nitrone  anion  combines  properties 
of  both  the  existing  moieties  which  undergo  cycloaddition  to 
form  pyrrolidine  rings:  azomethine  ylides  and  azaallyl 
anions.   It  is  a  dipole  like  the  azomethine  ylide,  however 
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azomethine  ylides  have  no  net  negative  charge  but  both 
nitrone  anions  and  azaallyl  anions  do.  It  is  also  curious 
what  the  effect  of  a  net  negative  charge  might  be  in  the 
cycloaddition  reaction.  Azaallyl  anions  have  been  observed  to 
undergo  cycloadditions  at  temperatures  as  low  as  -78  °C. 
Furthermore  in  an  oxy-Cope  reaction  the  oxy  anion  form  has  a 
significant  improvement  in  the  rate  of  the  reaction  over  the 
hydroxyl  form  by  a  factor  of  1012  in  some  cases  (88). 

Some  Anticipated  Problems 

As  with  the  cases  of  azomethine  ylides  and  azaallyl 
anions,  base  catalyzed  generation  of  the  dipole  proceeds  well 
only  in  the  absence  of  any  enolizable  protons  (Ha  in  103, 
Figure  1-25).  These  protons  are  known  to  be  acidic  in 
nitrones  as  dicussed  in  the  base  catalyzed  tautomerism 
studies.  This  obviously  is  not  the  desired  pathway,  as  the 
dipole  desired  is  the  one  with  nitrogen  as  the  central  atom 
105,  formed  by  the  loss  of  Hb«  In  one  example  where  the 
potential  for  such  ambiguity  existed  was  in  the  reaction  of 
2 , 4 , 4-trimethyl  pyrrolidine  N-oxide  106  and  benzaldehyde 
where  the  only  isolated  product  was  108,  Figure  1-25  (83). 
This  seems  to  suggest  that  the  pKa  values  for  protons  like  Ha 
are  lower  than  protons  like  Hb.  Since  an  exhaustive  study  of 
such  a  comparison  does  not  exist,  it  is  prudent  to  only  use 
nitrones  without  such  enolizable  protons  (i.e.   Ha) .    The  a- 

substituent  in  the  nitrone  desired  for  our  study  would  be  an 
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aromatic  or  carbonyl  group,  since  they  should  possess  anion 
stabilizing  properties. 
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Figure    1-25:  Competing  deprotonations  of  nitrones. 

There  are  very  few  examples  of  deprotonation  of  the 
nitrone  at  Ht,.  Hall  and  Griser  reported  a  deprotonation  at  Hb 
of  a-phenyl-w-benzylnitrone  201,  to  give  the  dipole  110, 
Figure  1-26  (84).  They  found  this  dipole  tended  to  dimerize, 
as  the  nitrone  111  was  isolated  as  a  product  of  this 
deprotonation.  More  recently  Jenkins  and  coworkers  also 
generated    nitrone    anions    with     a     series     of  a-aryl-W- 

cyclohexylnitrones .  These  anions  also  dimerized  to  form  the 
cyclic  dimer,  114,  Figure  1-26  (85).  They  found  that  the 
dimerization  falls  into  two  classes,  the  first  being  an 
aldol-type  condensation,  where  the  nitrone  anion  112  was  the 
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nucleophile  and  the  nitrone  113  itself  was  the  electrophile. 
The  second  class  of  dimers  were  formed  when  the  oxy  anion  in 
the  acylic  dimer  115  again  attacked  the  nitrone  group  and 
cyclized  to  form  the  cyclic  dimer  114,  Figure  1-26. 
Interestingly  Jenkins  and  coworkers  reported  the  nitrone  109 
failed  to  dimerize  when  they  repeated  the  reaction  of  Hall 
and  Griser,  i.e.  deprotonation  with  lithium  dimsylate  in 
DMSO.  They  also  tried  deprotonation  with  LDA  in  THF,  but 
still  did  not  isolate  the  dimer  111. 
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Figure    1-26:  Dimerizations  of  nitrone  anions. 
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Synthesis  of  Nitrones 

The  syntheses  of  nitrones  have  been  well  reviewed,  but 
there  have  been  a  few  recent  developments  in  this  area  (62- 
68).  Of  the  numerous  possible  ways  to  synthesize  nitrones, 
two  methods  standout  as  the  ones  that  are  most  utilized. 
These  methods  are,  the  condensation  of  N-monosubstituted 
hydroxyl  amines  with  carbonyl  compounds  and  the  oxidation  of 
W,W-disubstituted  hydroxylamines  (66). 

Condensation  of  Af-Monosubstituted  Hydroxylamines  with 
Carbonyl  Compounds 

This  method  is  especially  convenient  due  to  the  easy 
accessibility  of  carbonyl  compounds.  W-hydroxylamines  can 
also  be  readily  prepared  by  reduction  of  nitro  compounds 
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Figure  1-27:  Condensation  of  carbonyls  with  hydroxylamines. 
Reagents  and  Conditions:  i:  Zn,  HC1. 
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(83).  Thus,  an  aldehyde  like  116,  Figure  1-27,  can  react 
with  a  N-hydroxylamine  like  117  to  yield  a  nitrone  118  (66- 
68).  Generally,  the  use  of  aldehydes  is  more  common  than 
ketones  in  these  condensations,  however  ketones  can  also 
condense  to  give  the  nitrones.  Cyclopentanone  119  reacts  with 
hydroxy lamine  12  0  at  -10  °C  to  give  the  corresponding  nitrone 


Todd  and  coworkers  have  synthesized  several  cyclic 
nitrones  by  reduction  of  nitro  compounds  to  hydroxylamine 
using  zinc  and  hydrochloric  acid,  followed  by  an 
intramolecular  condensation  with  an  aldehyde  group  (83). 

Oxidation  of  W,W-Disubstituted  Hydroxy 1 amines 

A  second  very  useful  route  towards  nitrones  is  the 
oxidation  of  hydroxyl  amines .  A  number  of  oxidants  have  been 
shown  to  be  successful,  oxygen  and  Cu+2,  peroxides,  Fe+3, 
Cu+2,  Ag+,  KMn04,  quinone,  PbC>2,  NaIC>4,  K2Cr2C>7,  HgO,  Pd  and 
nitrosobenzene  (67).  The  first  step  involves  the  oxidation  of 
the  hydroxylamine  anion  to  the  radical,  the  second  step  is 
proton  abstraction  followed  by  an  oxidation,  Figure  1-28. 
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Figure    1-28:  Oxidation  of  hydroxylamines . 
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Other  Methods  to  Synthesize  Nitrones 

One  of  the  more  recent  methods  developed  towards  the 
synthesis  of  nitrones  is  the  oxidation  of  a  secondary  amine 
to  a  nitrone,  Eq  1,  Figure  1-29.  The  secondary  amine  127  is 
subjected  to  oxidation  with  sodium  tungstate  or  selenium 
dioxide  and  hydrogen  peroxide  to  give  the  nitrone  12  8 
(86,87) . 

Oximes,  like  12  9,  have  been  alkylated  using  a  base  and 
an  alkyl  halide,  Eq  2,  Figure  1-29.  The  product  of  this 
reaction  is  a  mixture  O-alkylated  product  131  and  N-alkylated 
nitrone  130  (67).  The  problem  with  this  method  being  the 
formation  of  the  undesirable  O-alkylated  product.  There  have 
been  methods  developed  to  circumvent  this  problem,  which  add 
steps  to  these  syntheses. 

The  reaction  of  aromatic  nitroso  compounds  like  132  with 
active  methylene  groups  like  13  3  can  be  used  to  synthesize  a 
nitrone,  13  4,  this  reaction  is  referred  to  as  the  Krohnke 
reaction,  Eq  3,  Figure  1-29.  This  method  is  restricted  to 
preparing  N-aryl  compounds  (67).  The  activated  methylene 
group  requires  a  good  leaving  group,  Y,  in  13  3. 

Finally,  the  oxidation  of  imines  like  135,  is  best 
carried  out  using  peroxides.  This  gives  an  oxaziridine  as  the 
product,  136,  as  a  mixture  of  two  isomers.  These 
oxaziridines,  under  controlled  conditions  thermally  rearrange 
to  nitrones  Eq  4,  Figure  1-29  (67). 
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Figure    1-29:  Other  methods  of  synthesis  of  nitrones. 
Specific  Aims 

We  have  seen  the  importance  of  substituted  pyrrolidine 
rings  as  targets  for  syntheses.  Judging  by  the  number  of 
publications  towards  these  targets,  it  is  clear  that  this  is 
a  very  active  field.  Whereas  there  has  been  a  lot  of  work 
towards  new  and  improved  ways  of  generating  established 
dipoles,  there  has  been  very  little  innovation  in  terms  of  a 
new  dipole  being  used.  We  propose  to  study  the  nitrone  anion 
as  a  new  dipole  towards  the  synthesis  of  these  rings.  This 
new  dipole,  if  successful,  will  introduce  a  new  tool  in  this 
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very  active  field.  Based  on  the  information  in  earlier 
literature,  it  is  clear  that  the  dipole  of  interest  can  be 
generated.  We  propose  to  first  study  the  reactivity  of  a 
symmetrical  nitrone  with  good  anion  stabilizing  capability, 
as  this  has  been  an  important  factor  in  azaallyl  anion 
cyclizations.  We  plan  to  study  its  nucleophilicity,  exploring 
its  reactivity  with  different  electrophiles .  We  also  intend 
to  conduct  a  systematic  study  of  the  reaction  conditions  to 
find  conditions  ideal  for  the  cycloaddition.  A  study  of  the 
mechanistic  pathway  of  these  cyclizations,  if  indeed  they 
occur,  is  also  planned.  Insights  gained  from  the  mechanistic 
exploration  would  prove  valuable  in  the  design  of  synthetic 
routes  towards  potential  targets.  We  also  would  like  to  see 
the  extent  and  scope  of  this  cycloaddition  by  trying 
different  and  diverse  dipolarophiles. 

In  the  next  phase  of  this  project  we  plan  to  extend  the 
study  towards  some  f unctionalized  nitrones  and  try  to 
synthesize  potentially  useful  molecules  like  substituted 
proline  analogues.  While  demonstrating  the  ability  of  nitrone 
anions  to  undergo  cycloadditions  would  be  an  important 
contribution,  extending  the  chemistry  to  molecules  with 
useful,  polar  functionalities  on  them  would  make  this  new 
chemistry  significant  from  an  utilitarian  standpoint. 

The  next  aspect  to  be  explored  in  this  area  will  be  the 
cycloadditions  of  cyclic  nitrones.  This  is  especially 
exciting  as  this  kind  of  cycloaddition  offers  a  pathway  to 
very  complex  substituted  tropane  molecules  which  are  of 
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particular  interest  to  us  for  structure  activity  studies  of 
cocaine  metabolites. 

Finally  we  would  like  to  explore  the  realm  of 
intramolecular  cycloadditions  as  they  are  a  very  powerful 
tool  to  quickly  assemble  complex  molecules.  They  offer  a 
distinct  advantage  over  a  bimolecular  cycloaddition  in  the 
form  of  entropic  f avorability.  The  problem  of  dimerization 
should  also  be  significantly  reduced  by  this  method. 


CHAPTER  2 

SUCCESSFUL  CYCLOADDITIONS  WITH  THE  NITRONE  ANION:  A  USEFUL 
NEW  REACTION  WITH  AN  OLD  FUNCTIONAL  GROUP 

Introduction 

The  ability  of  a  nitrone  molecule  to  be  deprotonated  to 
give  the  desired  dipole  has  been  well  documented  (81,  85). 
The  first  nitrone  chosen  to  study  the  cycloaddition  of  the 
dipole    formed    upon    deprotonation    was  a-phenyl-N-benzyl 

nitrone  2  01.  This  nitrone  has  been  successfully  deprotonated 
in  the  past,  and  there  exist  conflicting  reports  of  its 
tendency  to  dimerize  (84,  85).  As  noted  earlier,  Jenkins  and 
coworkers  were  unsuccessful  in  an  attempt  to  form  the  dimer 
of  this  molecule  (85).  Since  one  of  the  main  problems 
anticipated  in  this  form  of  cycloaddition  is  the  anion  of  the 
nitrone  reacting  with  another  molecule  of  itself,  a  nitrone 
with  a  reluctance  to  dimerize  would  be  ideal  to  explore  this 
new  chemistry. 

It  has  also  been  noted,  in  the  case  of  azaallyl  anions 
that  the  presence  of  an  aromatic  rings  has  the  ability  to 
stabilize  the  anion  through  resonance  (52,53).  One  of  the 
first  successful  examples  of  the  cycloaddition  of  an  azaallyl 
anion  had  three  aromatic  rings,  and  was  the  only  successful 
instance  of  such  a  cycloaddition  for  quite  a  while  (52). 
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Additionally  the  aromatic  ring  substituents  in  this 
nitrone,  201,  ensure  that  there  are  no  enolizable  protons 
available,  an  important  requirement.  A  combination  of  all 
these  factors  made  the  nitrone  201  a  clear  choice  for  the 
candidate  to  attempt  the  first  cycloadditions  of  this  type. 
The  work  presented  in  this  chapter  is  built  on  the  work 
started  in  this  group  by  Dr.  Simon  Norris  (89). 

Synthesis  of  the  Nitrone 

The  desired  nitrone  201,  Figure  2-1,  was  synthesized  in  a 
fairly  straightforward  manner  (90).  Hydroxy lamine  202  was 


Ph^^Cl  +  NH20H 


0~ 


201b 


Figure  2-1:  Synthesis  of  nitrone  201.  Reagents  and 
conditions:  i:  Ethanol,  water,  reflux,  ii:  KOH,  K3Fe(CN)6, 
ether,  water. 


obtained  from  nucleophilic  substitution  of  benzyl  chloride 
with  hydroxyamine  in  32%  yield.  The  low  yield  was  due  to  the 
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multigram  scale  of  this  reaction  and  its  heterogenous  nature. 
Compound  2  02  was  then  subjected  to  oxidation  using  potassium 
ferricyanide  and  potassium  hydroxide  in  a  biphasic  reaction 
to  afford  60%  of  the  nitrone  201. 

The  nitrone  201  upon  deprotonation  gives  the  anion  and 
both  the  resonance  forms  of  the  anion  201a  and  201b  would 
give  the  same  regioisomers  upon  reaction.  This  is  due  to  the 
symmetrical  nature  of  the  anion.  This  would  help  in  keeping 
the  chemistry  fairly  clean  in  this  early  phase  of  the 
investigation  of  the  reactivity  of  nitrone  anions. 

Nitrone  Anion  as  a  Nucleophile 

After  having  synthesized  the  nitrone  201,  some  of  the 
early  experiments  conducted  were  aimed  at  studying  the 
nucleophilicity  of  this  nitrone  (89).  The  nitrone  (201)  anion 
was  treated  with  different  electrophiles  such  as  Mel,  allyl 
bromide,  4-bromobenzyl  bromide,  all  leading  to  successful 
alkylations.  Some  of  the  precautions  needed  to  be  taken  were, 
to  ensure  the  presence  of  an  excess  of  electrophile  before 
the  deprotonation  occurred  to  prevent  dimerization  and  the 
reaction  conditions  were  kept  dry.  Given  the  small  scale  at 
which  these  reactions  were  carried  out  under  it  was  observed 
any  exposure  of  the  reaction  medium  to  ambient  moisture  led 
to  a  significant  drop  in  yields  and  inconsistent  results.  The 
reaction  conditions  required  for  these  reactions  to  proceed 
were  exceedingly  mild,  the  nitrone  (201)  was  dissolved  in  dry 
THF,  and  cooled  to  -78  °C.  A  solution  of  the  alkylating  agent 
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in  THF  was  then  added  and  the  solution  allowed  to  warm  up  to 
-50  8C,  a  significant  excess  of  the  alkylating  agent  was 
added.  For  best  results  five  equivalents  of  the  alkylating 
agent  were  added  per  equivalent  of  the  nitrone.  If  two 
equivalents  of  NaHMDS  were  added,  it  was  found  that  the 
alkylation  worked  better  under  conditions  of  two  equivalents 
of  base,  warmed  to  -40  °C,  maintained  at  this  temperature  for 
two  hours  and  worked  up.  The  yields  in  these  reactions  were 
not  very  high,  but  these  are  the  yields  after  purification  of 
the  product  on  a  silica  column,  and  these  nitrones  are  not 
stable  on  a  column  and  tend  to  decompose,  and  this 
significantly  contributes  to  the  lower  yields. 
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Figure  2-2:  Alkylations  of  nitrone  anions.  Reagents  and 
conditions:  i:  NaHMDS,  THF,  -50  °C. 
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The  alkylation,  however,  was  not  successful  with 
alkylating  halides  like  propargyl  bromide,  t-butyl 
bromoacetate  and  methyl  bromoacetate.  The  anion  was  then 
reacted  with  carbonyl  compounds  such  as  acrolein  and 
benzaldehyde.  The  reaction  with  acrolein  yielded  an  insoluble 
polymer,  this  was  presumably  due  to  a  nucleophile  initiated 
polymerization  of  the  acrolein.  However,  more  surprisingly 
the  reaction  with  benzaldehyde  gave  only  the  unreacted 
starting  material.  The  reaction  was  attempted  under  higher 
temperatures  with  similar  results. 

Having  demonstrated  the  utility  of  the  nitrone  anion  as 
effective  nucleophile,  and  established  conditions  under  which 
the  anion  is  stable  and  does  not  dimerize  the  next  step  was 
to  attempt  the  cycloaddition  reaction. 

Nitrone  Anion  as  a  Dipole 

The  first  reactions  attempted  were  cycloadditions  of  the 
nitrone  anion  with  suitably  activated  olefins  or 
dipolarophiles  according  to  Huisgen's  terminology.  Based  on 
Houk's  frontier  molecular  orbital  analysis  of  dipolar 
cycloadditions,  given  the  electron  rich  nature  of  the  nitrone 
anion  dipole,  it  is  likely  that  an  electron  deficient 
dipolarophile  would  be  most  likely  to  have  a  LUMO  close 
enough  for  reactivity  (91).  Considering  the  strongly  basic 
nature  of  the  reaction  conditions  under  which  the 
cycloaddition  will  be  conducted,  it  would  be  prudent  to 
attempt     cycloadditions     with     dipolarophiles  with 


functionalities  that  are  base  stable.  Early  attempts  at 
cycloaddition  using  allyl  anisole  and  stilbene  were 
unsuccessful,  giving  unreacted  starting  compound  in  the  first 
case  and  a  polymeric  compound  in  the  case  of  trans-stilbene. 

The  first  successful  example  of  a  cycloaddition  was  with 
methyl  cinnamate  (89).  This  is  especially  significant  as  the 
cycloaddition  was  successful  with  a  reactive  ester  group  on 
the  dipolarophile,  which  would  be  amenable  to  further 
synthetic  transformations.  The  conditions  for  cycloaddition 
were  roughly  the  same  as  for  the  alkylations.  As  before  the 
nitrone  201  was  cooled  to  -78  °C,  and  the  methyl  cinnamate 
added.  The  solution  was  allowed  to  warm  up  to  -50  °C  and 
about  three  equivalents  of  cinnamate  were  added  per 
equivalent  of  the  nitrone.  A  slight  excess  over  one 
equivalence  of  base  was  added,  the  solution  warmed  up  to  -40 
"c  and  stirred  for  about  two  hours  and  worked  up  with 
saturated  ammonium  chloride. 


0" 
201 


Figure  2-3:  Cyclization  of  the  nitrone  anion.  Reagents  and 
conditions:  i:  NaHMDS,  THF,  -40  °C. 

Upon    this    cyclization    only    one    diastereomer  was 
isolated.  Thus  this  new  nitrone  was  shown  to  undergo  the 
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desired  cycloaddition.  Careful  control  of  the  reaction 
prevented  the  formation  of  a  dimer  as  before.  The 
stereochemistry  was  established  using  two  dimensional  NMR 
experiments  and  X-ray  crystallography,  which  will  be 
discussed  later. 

Effect  of  Varying  the  Counter  Ion  of  the  Base 

When  the  base  was  changed  from  NaHMDS  to  LiHMDS  some 
interesting  results  were  observed.  This  led  to  a  systematic 
investigation  of  the  effect  of  varying  the  counter  ion 
described  below.  The  next  series  of  experiments  that  were 
carried  out  were  those  of  varying  counter  ion.  Instead  of 
using  sodium  as  the  counter  ion,  the  other  counter  ions  that 
were  tried  were,  potassium,  i.e.,  KHMDS,  lithium,  i.e., 
LiHMDS.  Copper  was  introduced  as  the  counter  ion  by  salt 
exchange,  i.e.,  to  the  NaHMDS  base,  copper  (I)  iodide  was 
added . 

Li±  as  the  counter  ion.  LiHMDS  was  used  to  replace 
NaHMDS  in  the  cyclization  with  methyl  cinnamate,  this  was  the 
only  change  and  the  experiment  was  carried  out  in  the  same 
way  as  with  NaHMDS,  described  before.  This  cyclization  led  to 
a  mixture  of  three  diastereomers .  The  most  significant 
observation  in  this  reaction  was  the  complete  change  in  the 
diasteromeric  composition  of  the  products,  206  was  only  a 
minor  product  in  this  cyclization  and  another  diastereomer 
207  was  the  major  product.  A  third  diastereomer,  2  08  was 
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observed  in  a  small  amount.  This  has  implications  in  possible 
stereocontrol  of  products  by  changing  the  counter  ion.  The 
synthetic  utility  of  such  an  effect  is  enormous  in 
applications  like  analog  syntheses. 


Figure  2-4:  Cyclization  of  the  nitrone  anion  with  Li+  as 
counter  ion.  Reagents  and  conditions:  i:  NaHMDS,  THF,  -40  °C. 

Kl — as  the  counter  ion.  Changing  the  counter  ion  from 
sodium  to  potassium  did  not  show  any  difference  in  the 
product  composition.  Unlike  lithium,  both  sodium  and 
potassium  gave  2  06  as  the  product  of  cyclization. 

Cul  as  the  counter  ion.  When  attempting  to  use  Cu+  as 
the  counter  ion,  a  slight  variation  had  to  be  carried  out  in 
the  procedure  as  CuHMDS  is  not  commercially  available.  Cul 
was  added  in  the  reaction  mix  along  with  NaHMDS  to  affect  a 
cation  exchange  between  Cu+  and  Na+.  Care  was  exercised  to 
keep  Cul  in  an  oxygen  free  atmosphere  to  prevent  it  from 
oxidizing  to  Cu+2.  The  reaction  did  not  work  with  Cu  as  the 
counter  ion,  only  decomposition  products  being  observed. 
Along  with  this  experiment  a  control  experiment  was  also 
conducted  using  Nal  and  NaHMDS,  this  was  done  to  ensure  the 
result  in  the  above  experiment  was  not  due  to  a  salt  effect. 
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The  reaction,  however,  worked  as  usual  proving  there  was  no 
salt  effect  at  play. 

Cvcloadditions  with  Sulfone  Substituted  Dipolarophiles 

The  next  cycloaddition  that  was  attempted  was  with  a 
sulfone.  Sulfones  are  useful  dipolarophiles  as  the  sulfone 
group  can  be  used  to  activate  the  olefin  and  be  easily 
removed  after  the  cycloaddition  by  a  simple  reduction  (92, 
93,  94).  It  is  the  synthetic  equivalent  for  a  methylene 
group.  Since  this  is  a  potential  extension  of  the  chemistry 
to  a  target  which  might  require  a  cycloaddition  with  an 
unactivated  olefin,  this  class  of  dipolarophile  was  of 
interest  to  us.  Attempted  cycloaddition  with  vinyl  sulfone 
gave  only  polymeric  products.  Sulfone  211  was  successful  as  a 
dipolarophile.  It  was  synthesized  in  two  steps  (95,  96). 
Benzaldehyde  was  reacted  with  the  phosphonate  ester  209  in  a 
Horner-Emmons  Wittig  reaction,  to  give  a  reasonable  yield  of 
the  thio  olefin  210.  This  olefin  can  also  be  used  for 
cycloaddition  as  thio  olefins  have  been  shown  to  be  very 
successful  dipolarophiles  in  azaallyl  cycloaddition  reactions 
(58).  Some  of  the  thio  olefin  210  was  saved  for  cycloaddition 
investigations  and  the  rest  was  oxidized  to  the  sulfone  211. 

The  sulfone  was  subjected  to  cycloadditions  under 
conditions  established  previously,  using  NaHMDS  as  the  base. 
It  was  found  the  cycloaddition  went  well  to  yield  the  desired 
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cycloadducts .  We  were  able  to  obtain  a  X-ray  crystal 
structure  of  212. 
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Figure  2-5:  Cyclization  with  sulfones.  Reagents  and 
conditions:  i:  BuLi,  ii:  MCPBA,  iii:  NaHMDS,  THF,  -40  °C. 


The  reaction  was  carried  out  with  lithium  as  the  counter 
ions  and  the  same  reversal  of  product  ratio  was  observed  as 
was  seen  when  methyl  cinnamate  was  the  dipolarophile.  This 
led  to  a  systematic  investigation  of  the  reaction  conditions. 
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Figure  2-6:  Cyclization  with  sulfones,  using  lithium  as 
counter  ion.  Reagents  and  conditions:  i:  LiHMDS,  THF,  -40  °C. 

The  thio  olefin  210  was  not  successful  as  a 
dipolarophile.  It  was  also  found  that  symmetrical 
dipolarophiles  like  maleic  anhydride,  tetrachloroethylene, 
diethyl  fumarate  and  diethyl  maleate  were  also  not  successful 
as  dipolarophiles. 

Stereochemical  Assignments  of  Cycloadducts 

The  isolation  of  single  crystals  of  212  for  X-ray  data 
have  been  extremely  useful  in  confirming  assigned 
sterochemistry  and  have  provided  information  about  distances 
between  non-coupled  protons.  X-ray  crystals  were  obtained 
from  methylene  chloride  and  petroleum  ether.  As  indicated  by 
X-ray  data  distance  between  the  protons  attached  to  the  two 
carbons  alpha  to  the  Nitrogen,  C6  and  C7,  is  2.486  A 
indicating  a  strong  NOESY  crosspeak  should  be  seen  (97-100). 
However  the  distance  between  the  protons  attached  to  the  two 
carbons  C4  and  C6,  although  these  are  syn,  was  3.482  A  making 
the  chances  of  seeing  a  NOESY  crosspeak  less  likely.  This  was 
indeed  the  case.  Thus,  information  from  this  crystal 
structure  reiterates  the  guideline  that  the  absence  of  a 
cross  peak  does  not  imply  the  absence  of  a  syn 
stereochemistry  of  the  corresponding  protons .  An  important 
assumption  however  helped  in  assigning  the  stereochemistries 
of  the  isomers. 


Figure  2-7:  ORTEP  crystal  structure  of  cycloadduct  212  with 
50%  probability  ellipsoids. 
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Figure   2-8:  Schematic  representation  of  NOES Ys ' observed . 

The  cycloadducts  from  the  sulfone  212-214  and  the 
cinnamate  206-208  have  several  similarities.  The  product 
distribution  is  very  similar  in  the  different  reactions  with 
the  two  dipolarophiles .  It  was  therefore  assumed  that  the 
stereochemistries  of  the  two  product  sets  were  the  same.  This 
was  useful  as  crosspeaks  between  non-bonded  protons  were 
complementary.  The  coupling  constants  were  all  in  a  similar 
range  irrespective  of  syn  or  anti  geometry,  so  they  could  not 
be  used  to  provide  information  about  the  stereochemistry  of 
the  cycloadducts.  Stereochemistry  of  2  06  was  established  by 
comparision  with  a  known  compound  (89). 
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Systematic  Study  of  Reaction  Conditions  in  Cycloaddition 
Reactions 

The  reaction  conditions  of  the  cycloaddition  were  varied 
changing  only  one  factor  at  a  time.  The  factors  that  were 
examined  were  solvent,  counter  ion,  complexing  agent  and 
dipolarophile.  The  solvents  examined  were  THF  and  DME  (1,2- 
dimethoxyethane ) .  Reactions  were  carried  out  with  and  without 
the  complexing  agent  TMEDA  ( ',N'-tetramethylethylene- 
diamine).  The  counter  ions  varied  were  sodium  and  lithium. 
The  most  striking  effect  observed  was  still  on  changing  the 
counter  ion.  Milder  effects  were  observed  upon  changing  the 
solvent,  or  addition  of  complexing  agent.  In  general,  the 
presence  of  a  bidentate  complexing  agent,  like  DME  or  TMEDA 
seems  to  reduce  the  selectivity  toward  a  particular  isomer. 
This  effect  did  not  seem  to  be  additive.  The  presence  of  both 
DME  and  TMEDA,  did  not  reduce  the  selectivity  any  more  than 
the  presence  of  only  one  of  the  two.  In  cycloadditions  with 
the  sulfone,  lithium  as  a  counter  ion  had  greater  selectivity 
towards  a  particular  isomer,  and  with  methyl  cinnamate, 
sodium  demonstrated  greater  selectivity.  The  ratios  were 
calculated  from  the  proton  NMR  of  the  product  mixtures. 

Lithium  as  a  counter  ion  has  a  tendency  to  occur  as  a 
complex  tetramer.  The  addition  of  complexing  agents  and 
change  of  solvent  to  DME  diminishes  this  effect  and  a 
reduction  in  variation  of  product  composition  was  seen. 


49 


OH 


OH 
I 

.N. 


MeOjC  "th  MeOzC 

b 


THF 

DME 

LiHMDS 

NaHMDS 

TMEDA 

Ratio:a:b:c 

+ 

+ 

26:66:8 

+ 

+ 

+ 

23:54:23 

+ 

+ 

93:7:0 

+ 

+ 

+ 

81:19:0 

+ 

+ 

24:54:22 

+ 

+ 

+ 

28:55:17 

+ 

+ 

70:30:0 

+ 

+ 

+ 

63:37:0 

Figure  2-9:  Effect  of  reaction  conditions  on  product 
distribution  with  methyl  cinnamate  as  the  dipolarophile . 
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Figure  2-10:  Effect  of  reaction  conditions  on  product 
distribution  with  sulfone  211  as  the  dipolarophile. 
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Concerted  versus  Stepwise  Processes 


Upon  the  discovery  of  every  new  dipolar  cycloaddition 
reaction,  one  of  the  key  questions  always  has  been  whether 
the  reaction  is  stepwise  or  concerted.  The  usual  criteria 
used  to  differentiate  between  concerted  and  two  step 
reactions  include  stereoselectivity  observed  in  product 
formation  and  interception  or  trapping  of  the  intermediate 
(66).  In  a  concerted  process,  a  stereochemical  relationship 
incorporated  in  the  dipolarophile  is  preserved  in  the 
cycloadduct.  A  common  choice  of  dipolarophiles  to  test  this 
effect  is  fumarate  versus  maleate,  especially  when  an 
electron  deficient  dipolarophile  is  called  for.  However  these 
dipolarophiles  were  unsuccessful  for  the  nitrone  anion 
cycloaddition,  so  a  Z-  form  of  the  sulfone  211  was 
synthesized.  It  was  decided  to  synthesize  the  Z-sulfone  by 
reducing  the  acetylenic  sulfone  in  a  stereoselective  manner. 
The  acteylenic  sulfone  was  synthesized  using  the  method  of 
Truce  and  coworkers  (100). 

Benzenesulfenyl  chloride  215,  Figure  2-11, was  prepared 
from  diphenyl  disulfide  by  bubbling  chlorine  gas  into  the 
reaction  mixture  (101).  The  sulfenyl  chloride  215  was 
purified  by  distillation  under  reduced  pressure.  The  pure 
sulfenyl  chloride  was  used  right  away  in  the  next  step  as  it 
was  unstable.  A  Grignard  reagent  prepared  from  ethyl  bromide 
and  magnesium  was  used  to  deprotonate  phenyl  acetylene.  The 
completion  of  the  reaction  signalled  by  the  end  of  ethane 
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escaping  the  reaction.  The  benzenesulfenyl  chloride  was  then 
added  to  the  reaction  and  refluxed  for  an  hour.  The 
mercaptoacetylene  216,  Figure  2-11/  obtained  was  purified 
by  distillation  under  reduced  pressure  to  yield  58%  of  pure 
product.  The  mercaptoacetylene  216  was  then  oxidized  in 
acetic  acid  and  hydrogen  peroxide  to  yield  the  sulfone  217, 
Figure  2-11.  The  sulfone  was  purified  by  recrystallizing 
from  petroleum  ether  and  methylene  chloride.  This  sulfone  was 


(PhS)2     1    >  2PhSCl    11  >  Ph  = — SPh  111  >  Ph    302Ph 

215:70%  216:58%  217:51% 


Ph  S02Ph 
218:70% 


Figure  2-11:  Synthesis  of  a  Z-sulfone  for  mechanistic 
investigations.  Reagents  and  conditions:  i:  Chlorine  gas, 
carbon  tetrachloride,  ii:  Phenyl  acetylene,  EtMgBr,  Ether, 
iii:  Acetic  acid,  hydrogen  peroxide,  iv:  Copper (II) 
tetraf luoroborate,  diethyl  silane,  isopropanol. 

then  subjected  to  reduction  to  arrive  at  the  Z-sulfone  218, 
Figure  2-11.  A  variation  of  the  Lindlar's  catalyst, 
palladium  on  barium  sulfate  under  hydrogen  gas  with 
quinoline  as  the  poison  was  first  utilized  for  the  reduction 
(102).  These  conditions  failed  to  yield  the  desired  sulfone. 
Other  papers  dealing  with  reduction  of  silyl  acteylenic 
sulfones  indicated  the  need  for  palladium  on  carbon  as  the 
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reducing  agent,  poisoned  with  pyridine  under  50  psi  of 
hydrogen  gas  (93).  Given  the  harsher  conditions  indicated  for 
these  reductions,  and  the  possibility  of  traces  of  divalent 
sulfur  from  previous  steps  poisoning  the  catalyst,  a  new 
reductive  species  was  chosen.  On  the  basis  of  the  method  of 
Ryu  and  coworkers  a  copper (II)  mediated  stereoselective 
reduction  of  the  acetylenic  sulfones  by  hydrosilane  was 
carried  out  (103),  Figure  2-11. 

The  copper(Il)  salt  used  was  copper(II) 
tetraf luoroborate  in  the  presence  of  diethyl  silane.  The 
silane  reacts  with  the  copper  salt  to  generate  copper (II) 
hydride,  a  mild  reducing  agent.  The  reaction  was  carried  out 
in  dry  isopropanol.  The  reaction  first  turned  from  blue  to 
green  and  in  about  twenty  minutes  turned  to  a  dark  brown 
color  indicating  the  formation  of  a  copper (0)  species.  This 
method  yielded  the  desired  Z-sulfone  218,  Figure  2-11,  in 
58%  yield  along  with  about  10%  of  the  E-  isomer  and  about  8% 
of  the  fully  reduced  sulfone.  Usual  methods  of  purification 
proved  unsuccessful  in  further  purifing  this  material, 
therefore  this  Z-  isomer  along  with  the  E-  and  the  alkyl 
sulfone  were  used  for  further  mechanistic  investigations. 

Having  realized  the  key  z-sulfone,  cycloadditions  of 
both  the  Z-  and  the  E-  isomer  were  reacted  with  the  nitrone 
201,  under  identical  conditions,  Figure  2-12.  The  reactions 
were  carried  out  simultaneously  in  the  same  cooling  bath  to 
provide  for  similar  cooling  conditions.  The  cycloadditions 
were  carried  out  under  the  initial  conditions.  Analysis  of 
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the  products  of  the  reactions  indicated  similar  composition 
of  products  in  both  cases. 


Ph  212  213 

Z-  and  E-  e     :    66%  33% 

Sulfone 


Z     :    77%  22% 


Figure  2-12:  Cycloadditions  of  both  the  Z-sulfone  218  and 
the  E-sulfone  211  with  the  nitrone  anion.  Reagents  and 
conditions:  i:  NaHMDS ,  THF,  -40  °C. 

In  a  concerted  reaction  the  stereochemistry  in  the 

dipolarophile  is  preserved  in  the  product,   therefore  the 

stereochemistry  at  the  3-  and  4-  positions  in  products  of 

cycloadditions  from  the  Z-  and  the  E-sulfones  would  differ. 

This  however  was  not  observed  in  the  cycloaddition  of  the 

nitrone    anion,    indicating    this    would    be    a  stepwise 

cycloaddition . 

Control  experiments  were  carried  out  with  the  z- 
sulfone.  In  one  experiment  the  cycloaddition  reaction  was 
quenched  fifteen  minutes  after  the  addition  of  the  base.  In 
this  case  a  partial  isomerization  of  the  Z-  sulfone  to  the  E- 
isomer  was  observed,  the  ratio  of  the  E-  isomer  rose  from  10% 
to  33%.  In  a  second  control  experiment  the  base  was  added 
only  to  the  Z-  sulfone  at  -40°C,  and  quenched  as  above  in 
fifteen  minutes.  In  this  instance  a  complete  isomerization  to 
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the  E-  isomer  was  seen.  Thus,  in  the  light  of  these  new 
results  the  observations  from  the  experiments  presented  in 
Figure  2-12  prove  inconclusive.  It  is  unclear  if  the 
reaction  is  stepwise  or  concerted. 

Attempts  to  Isolate  an  Intermediate 

Trapping  the  acyclic  intermediate  would  provide  concrete 
evidence  of  the  stepwise  mechanism.  At  first  glance  the 
cyclization  of  the  acyclic  intermediate  219b,  Figure  2-13, 
appears  disfavored,  as  Baldwin's  rules  for  ring  closure 
consider  a  5-endo-trig  closure  as  disfavored  (104).  However 
an  alternate  resonance  structure  can  be  drawn  where  the  ring 
closure  would  be  5-exo-trig  and  thus  be  favored. 


Figure  2-13:  Possible  ring  closures  for  an  acyclic 
intermediate . 

The  cycloaddition  reactions  were  quenched  at  5,  10,  30 
and  60  minutes,  but  none  of  these  reactions  showed  the 
presence  of  any  intermediate.  Therefore  it  still  remains 
unclear  if  the  cycloaddition  is  stepwise  or  concerted. 
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Analysis  of  the  Pathways  to  Observed  Cycloadducts 

The  effect  of  the  counter  ion  clearly  out  weighs  other 
factors  in  the  influence  of  the  stereochemistry  of  the 
products.  Assuming  a  stepwise  cycloaddition,  an  analysis  of 
the  pathways  to  the  two  main  diastereomers  was  performed  to 
explain  the  effect  of  the  counter  ion.  There  are  three 
possible  geometries  for  the  nitrone  anion,  these  being  the 
symmetrical,  201a,  Figure   2-14,  unsymmetrical  201b,  Figure 
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Figure  2-14:  Possible  pathways  to  the  cycloaddition  products 
from  the  symmetrical-nitrone  anion. 
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2-15,  and  the  third  trans-trans,  which  is  very  unlikely  due 
to  steric  strain  from  the  two  ortho  protons  on  the  aromatic 
rings.  While  both  201a  and  201b  can  give  both  the 
diastereomers  206a  and  207a,  201a  to  206a  is  a  shorter 
pathway,  a',  Figure  2-14.  Similarly  201b  to  207a  is 
shorter  pathway,  a,  Figure  2-15.  Thus  one  possible 
explanation  for  the  change  in  the  major  product  when  the 
counter  ion  is  changed  can  be  the  preference  for  the 


0" 


^3 , 4  rotation 

cr  ° 

206-a 


Figure  2-15:  Possible  pathways  to  the  cycloaddition  products 
from  the  unsymmetrical  nitrone  anion. 
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unsymmetrical  geometry  201b,  with  lithium  as  the  counter  ion. 
So  if  the  ring  closure  is  faster  than  the  conformational 
changes,  this  difference  in  the  major  product  would  be 
observed . 

If  the  cycloaddition  is  concerted  the  stereochemistry  of 
the  nitrone  anion  clearly  explains  the  reversal  in  product 
ratio  with  change  in  the  counter  ion. 

The  strong  nature  of  the  complexes  of  lithium  with 
solvent  molecules  could  lead  to  a  crowded  steric  picture  in  a 
symmetrical  conformation  of  the  nitrone  anion.  Thus  with 
lithium  as  the  counter  ion  there  might  be  a  preference  for 
the  unsymmetrical  conformation  of  the  nitrone  anion. 

Conclusion 

Symmetrical  nitrone  anions  have  been  shown  to  undergo 
cycloaddition  reactions  successfully  to  yield  substituted 
pyrrolidine  rings.  To  date  there  have  been  no  reported 
examples  of  nitrone  anion  cycloadditions,  to  give  substituted 
pyrrolidines.  Successful  alkylations  have  shown  the  nitrone 
anion  to  be  a  useful  nucleophile. 

An  X-ray  crystal  structure  and  NMR  experiments  have  been 
used  to  assign  the  stereochemistry  of  all  cycloadducts . 

Nitrone  anions  exhibit  some  interesting  properties,  like 
a  change  in  the  product  composition  upon  change  of  the  base 
counter  ion.  Additionally,  a  polarization  in  the  double  bond 
seems  necessary  for  successful  cycloadditions,  as  symmetrical 
dipolarophiles  do  not  cyclize  with  the  nitrone  anion. 


CHAPTER  3 

SYNTHESIS  OF  PROLINE  ANALOGS  USING  NITRONE  ANIONS 

Introduction 

In  the  previous  chapter,  the  potential  of  the  nitrone 
anion  to  undergo  the  cycloaddition  reaction  and  form 
substituted  pyrrolidine  rings  was  established.  One  attractive 
form  of  a  substituted  pyrrolidine  ring  that  can  be  explored 
with  nitrone  chemistry  is  the  substituted  proline  analog. 
Substituted  prolines  have  found  applications  as 
pharmaceuticals.  Inhibitors  of  angiotensin  converting  enzyme 
(ACE)  like  captopril  4  and  enalpril  5,  as  discussed  earlier, 
are  antihypertensive  drugs.  It  was  found  a  hydrophobic 
substituent  at  the  4  position  of  the  proline  ring 
significantly  increases  the  potency  of  both  captopril  and 
enalpril,  Figure  1-2  (5).  Screening  of  several  analogs  led 
to  the  discovery  of  a  more  potent  compound  zefonopril  301, 
Figure  3-1  (105,106).  Recently,  combinatorial  techniques 
were  applied  to  search  for  a  new  ACE  inhibitor  (107).  A 
library  of  about  500  compounds  produced  a  new  inhibitor  302, 
which  was  three  times  more  active  than  captopril.  This 
discovery  of  a  potent  inhibitor  was  made  despite  the  modest 
size  of  the  library.  This  result  suggests  that  other  more 
potent   ACE   inhibitors,    remain  to  be  discovered.    It  was 
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therefore  decided  to  explore  the  potential  of  nitrone  anions 
towards  the  syntheses  of  molecules  analogous  to  302. 


Figure    3-1:  Inhibitors  of  angiotensin  converting  enzyme. 
Substituted  Prolines  as  Constrained  Amino  Acid  Analogs 

Suitably  f unctionalized  prolines  can  serve  as 
conformationally  restricted  analogs  of  amino  acids.  Such 
analogs  have  proven  to  be  useful  as  protein  structure  and 
function  probes  (111).  A  carboxylate  substituent  at  the  3- 
position,  303a, b,  of  proline,  Figure  3-2,  serves  as  a 
conformationally  restricted  aspartic  acid  analog  whereas  a 
carboxylate  at  the  4-position,  304a-d,  serves  as  the 
glutamate  analog.  Chamber 1 in  and  coworkers  have  synthesized 
both  the  4-  304a-d  and  3-  3  03a,b  carboxylate  substituted 
isomers.  These  were  used  in  studies  to  understand  the  role  of 
glutamate  in  the  process  of  synaptic  transmission  and  the 
structural  requirements  for  binding  to  various  glutamate 
receptors  (108-110).  More  recently,  Richards  and  coworkers 
have  also  synthesized  conformationally  restricted  aspartic 
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acid  analogs  3  03a,  b  for  use  in  mapping  the  aspartic  acid 
binding  site  of  asparagine  synthetase  B  (111). 


y— _/illR2 

1 

H 

1 

H 

3  03a:  R1,R4=C02H 
R2  ,  R3=H 

303b:R2,R4=CO2H 
Rj ,  R3=H 

304a:R1/R4=CO2H; 
304b:R2/R4=C02H; 
304c:R1,R3=CO2H; 
304d:R2,R3=CO2H; 

R2  ,  R3=H 
R1,R3=H 
R2 ,  R4=H 
Ri/R4=H 

Figure  3-2:  Conf ormationally  restricted  analogs  of  amino 
acids . 

Strategies  Towards  the  Synthesis  of  Proline  Analogs 

Cycloaddition  methodology  incorporates  immense 
flexibility  in  terms  of  the  nature  and  number  of  substituents 
that  can  be  incorporated  into  a  ring.  Ret rosy nthetic  analysis 
indicated  a  simple  one  step  cycloaddition  of  the  nitrone 
anion  should  yield  the  desired  proline-like  skeleton. 
Variation  of  the  substituents  on  the  dipolarophile  should 
provide  access  to  different  3-  and  4-  substituents  to  the 
pyrrolidine  ring  formed.  Given  the  electron  rich  nature  of 
the  dipole,  electron  withdrawing  substituents  would  probably 
aid  in  the  cycloaddition.  To  arrive  at  a  proline  analog,  the 
main  requirement  of  the  nitrone  precursor  3  06,  Figure  3-3, 
is  that  one  of  the  substituents,  R/R'  must  be  a  carboxylic 
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acid.  The  nitrone  can  be  readily  synthesized  by  the 
condensation  of  a  primary  hydroxylamine  like  308  with 
aldehyde.  The  aldehyde  precursor  chosen  was  tert-butyl 
glyoxalate  309,  as  it  has  both  the  aldehyde  functionality  to 
generate  the  nitrone  and  the  carboxylic  group  in  a  protected 
ester  form.  The  tert-butyl  group  was  chosen  as  the  acid 
protecting  group,  as  it  would  be  stable  under  the  basic 
conditions  of  the  reaction.  Methyl  hydroxylamine  and  benzyl 
hydroxylamine  are  commercially  available  as  their 
hydrochloride  salts. 


OH 


R'-^/N\ — R       iv  306 


OH 


o  + 


r/    \  «  ^  -otBu 

305 

0 

R  or  R'=  COOH  309 


Figure  3-3:  Retrosynthetic  analysis  of  synthesis  of  proline 
analogs . 


Synthesis  of  tert-Butyl  Glyoxlate 

The  required  tert-butyl  glyoxalate  309  was  synthesized 
as  the  monohydrate  313,  Figure  3-4,  using  the  method  of 
Carpino  and  coworkers  (112).  Methoxyacetic  acid  was  first 
esterified  with  condensed  isobutylene  under  acidic 
conditions.  The  reaction  vessel  was  kept  under  pressure  by 
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securing  the  septum  onto  the  flask  with  a  copper  wire.  For 
larger  scale  reactions,  the  isobutylene  was  added  in  smaller 
increments ,  as  the  septum  was  unable  to  withstand  the 
pressure  of  expanding  isobutylene  gas.  The  methoxy-tert- 
butylacetate  was  brominated  using  W-bromosuccinamide,  a  small 
amount  of  m-chloroperoxybenzoic  acid  was  added  to  initiate 
the  reaction.  The  reaction  was  carried  out  under  careful 
reflux.  The  brominated  product  so  obtained,  312,  Figure  3- 
4,  was  then  hydrolyzed  with  aqueous  K2CO3  to  afford  the 
glyoxalate  hydrate  313.  The  hydrate  313  had  an  extremely 
high  miscibility  in  water  and  could  only  be  separated  from 


313   :   95%  312:  86% 


Figure  3-4:  Synthesis  of  tert-butyl  glyoxalate.  Reagents  and 
Conditions:  i:  Condensed  isobutylene,  sulfuric  acid,  ii:  N- 
bromosuccinamide ,  carbontetrachloride,  reflux,  iii:  K2CO3, 
water,  continuous  extraction  48  hours. 

the  aqueous  reaction  mixture  by  a  process  of  continuous 
extraction  over   a   period  of   48   hours.    This   product  was 
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distilled  before  further  use.  The  NMR  of  313  indicated  a 
small  aldehyde  peak  which  corresponds  to  the  equilibrium 
between  the  aldehyde  and  the  hydrated  form.  This  peak  also 
served  as  an  indicator  of  the  activity  of  the  compound. 
However,  exposure  to  air  caused  the  product  to  decompose  and 
even  redistillation  was  unable  to  restore  activity.  This  loss 
of  activity  corresponded  to  the  disappearance  of  the  aldehyde 
peak.  Careful  storage  of  the  distilled  compound  under  dry 
argon  at  -25  °C  prevented  this  problem. 

Synthesis  of  tert-Butoxy  Carbonyl  Substituted  Nitrones 

The  tert-butyl  glyoxalate  313  was  then  condensed  with  N- 
methyl  and  W-benzyl  hydroxylamine  using  the  method  of 
Schlecht,  Figure  3-5,  (113).  Similar  nitrones  have  been 
synthesized  before  using  this  method  (113,114).  The  W-methyl 
hydroxylamine  hydrochloride  was  first  converted  to  its  free 
base  by  dissolving  it  in  a  minimum  amount  of  water,  followed 
by  dropwise  addition  of  saturated  sodium  hydroxide  solution. 
After  the  pH  just  turned  basic,  a  solution  of  313  in 
methylene  chloride  was  added  to  this  suspension.  Anhydrous 
magnesium  sulfate  was  then  added  to  the  reaction  and  the 
resulting  mixture  was  stirred  overnight  at  room  temperature. 
The  nitrone  was  isolated  as  a  mixture  of  Z-  and  E-  isomers. 
Nuclear  Overhauser  effect  (NOE)  difference  experiments  were 
carried  out  to  establish  the  major  and  the  minor  isomer  (s7- 
s9).  A  9%  enhancement  of  the  methyl  proton  peak  was  observed 
upon  irradiation  of  the  nitrone  proton  in  the  minor  isomer 
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indicating  that  the  minor  isomer  exists  in  the  Z- 
stereochemistry .  The  major  isomer  did  not  give  any 
enhancement  upon  irradiation  of  the  nitrone  proton  as 
anticipated  for  the  E-  isomer. 


u  u  u 

^T^OtBu  +  MeNH0H-HC1       1   >  OtBu 

0H  314:  75% 

313  3:1  Mixture  of  E  :  Z 


Figure  3-5:  Synthesis  of  N-methyl-a-t-butoxycarbonyl 
nitrone.  Reagents  and  Conditions:  i:  Sat.  NaOH,  methylene 
chloride,  anhydrous  magnesium  sulfate. 

This  procedure  led  to  respectable  yields  of  products. 
However,  it  was  felt  that  the  conditions  would  not  be  ideal 
on  scale  up,  as  multigram  quantities  of  anhydrous  magnesium 
sulfate  would  need  to  be  added  to  the  reaction  mixture. 
Presumably,  the  anhydrous  magnesium  sulfate  was  needed  to 
keep  the  reaction  dry  and  drive  the  reaction  forward. 
Therefore  it  was  reasoned  that  the  removal  of  any  water  from 
reaction  mixture  prior  to  the  reaction  should  not  require  the 
addition  of  magnesium  sulfate.  However,  the  free  base  of 
methyl  hydroxy lamine  is  not  soluble  in  methylene  chloride. 
Unfortunately,  therefore,  a  simple  extraction  of  the  free 
base  of  methyl  hydroxylamine ,  after  the  neutralization  of  the 
hydrochloride  salt,  was  not  successful.  Furthermore,  freeze 
drying  the  neutralized  methyl  hydroxylamine  and  using  this 
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dry  form  of  the  free  base  did  not  lead  to  formation  of  the 
product,  both  with  and  without  anhydrous  magnesium  sulfate. 
Changing  the  solvent  to  a  more  polar  one  like  methanol  and 
reacting  the  freeze  dried  free  base  was  also  unsuccessful. 
Reacting  the  freeze  dried  free  base  with  glyoxalate  in 
benzene  using  a  Dean  Stark's  tube  to  drive  the  reaction  to 
completion  by  removing  the  water  of  condensation  was  also 
unsuccessful.  An  examination  of  the  new  reaction  conditions 
indicated  that  the  removal  of  water  before  reacting  the  free 
hydroxylamine  with  the  glyoxalate  caused  the  reaction  to 
fail.  The  reaction  was  then  repeated  using  the  old  conditions 
where  glyoxalate  in  methylene  chloride  was  added  to  a  aqueous 
solution  of  freshly  neutralized  methyl  hydroxylamine  and  was 
found  to  work  quite  well.  These  studies  show  that  the 
condensation  of  methyl  hydroxylamine  with  an  aldehyde  works 
best  in  the  presence  of  water,  although  water  is  being 
expelled  in  this  reaction.  This  information  proved  useful  in 
the  syntheses  of  several  nitrones  which  were  subsequently 
used  in  the  study  of  intramolecular  cycloadditions . 

Reactions  of  Nitrone  314 

The  nitrone  314,  Figure  3-5,  is  unique  in  the  sense 
that  the  anion  generated  will  be  far  less  stabilized  than  the 
previously  studied  symmetrical  nitrone  201,  Figure  2-1. 

The  nucleophilic  nature  of  the  nitrone  was  studied  by 
attempting  alkylation  reaction  of  the  anion  with  methyl 
iodide  and  allyl  bromide.  The  alkylation  was  first  attempted 
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under  the  usual  conditions  (deprotonating  the  nitrone  at  -50 
°C  in  the  the  presence  of  a  five  fold  excess  of  the 
electrophile,  and  then  warming  the  reaction  mixture  to  -40 
°C).  This  failed  to  yield  the  desired  product.  The  conditions 
were  varied,  including  warming  the  reaction  to  room 
temperature  and  adding  more  equivalents  of  base,  none  of 
which  were  successful.  The  mass  balance  indicated  an  80%  loss 
in  the  mass  of  the  starting  nitrone.  This  seemed  to  indicate 
the  nitrone  is  not  very  stable  or  long-lived  after 
deprotonation  and,  unless  the  electrophile  is  suitably 
reactive,  it  tends  to  decompose  into  a  aqueous  soluble  form, 
which  was  extracted  out  in  the  reaction  work  up. 

Cyclization  of  Nitrone  314 

The  next  reaction  attempted  with  nitrone  314  was  the 
cyclization  with  methyl  cinnamate,  Figure  3-6.  Once  again 
the  conditions  were  the  same  as  the  initial  conditions  with 


OH 


O 
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315  :  33% 


Figure  3-6:  Cyclization  of  W-methyl-a-tert-butoxycarbonyl 
nitrone.  Reagents  and  Conditions:  i:  NaHMDS,  -40  °C,  THF. 
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with  the  nitrone  201.  The  cyclized  product  was  isolated  in  a 
extremely  modest  yield,  partly  due  to  losses  which  occurred 
during  column  chromatography  purification. 

The  cyclized  product  315  could  only  be  isolated  as  the 
oxidized  nitrone.  The  ready  air  oxidation  of  a  cyclic 
hydroxylamine  to  a  nitrone  has  been  well  documented  in  the 
literature  (115,116).  Brandi  and  coworkers  synthesized  a 
series  of  3 , 4-disubstituted  cyclic  N-hydroxyl  pyrrolidines 
316a-d,  Figure  3-7,  and  found  that  in  the  case  of  316d, 
the  compound  was  readily  oxidized  by  atmospheric  oxygen, 
although  316a-c  were  stable  (115).  They  reported  the 
oxidation  of  the  compound  316d,  even  when  stored  in  a  NMR 
tube,  within  in  a  few  days. 


RO  OR 
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R  = 

t-Bu 

316  a-d 

Figure    3-7:    Air  oxidation  of  cyclic  hydroxyl  amines. 
Structural  assignment  of  315 

Upon  cyclization,  issues  of  regiochemistry  and 
stereochemistry  needed  to  be  resolved.  These  were  addressed 
by  a  series  of  interesting  and  useful  NMR  experiments. 
Complete  assignment  of  the  cyclized  compound  was  accomplished 
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by  double  quantum  filtered  correlation  spectroscopy  (DQCOSY), 
heteronuclear  correlation  spectroscopy  (HETCOR)  and 
heteronuclear  multiple  bond  correlation  (HMBC),  (117-121). 

The  nitrone  315  was  formed  in  conjugation  with  the 
carbonyl  group  and  this  was  determined  in  a  fairly 
straightforward  manner  from  the  coupling  pattern  of  the 
protons  on  the  ring.  The  regiochemistry  of  addition  of  the 
nitrone  anion  to  methyl  cinnamate  was  however,  not  as  clear. 
The  two  possible  products  that  can  be  formed  by  a  Michael 
addition  of  the  two  resonance  structures  314a  and  314b, 
Figure    3-8,  are  the  regioisomers  315a  and  315b. 


315a  315b 

Figure  3-8:  Possible  regioisomers  upon  cycloaddition  of 
314. 

Heteronuclear  multiple  quantum  coherence  (HMQC)  is  an 
inverse  detection,  heteronuclear  correlation  experiment  where 
the  observed  nucleus  is  the  proton,  and  this  makes  this  a 
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very  sensitive  method.  The  unequivocal  assignment  of  the 
regiochemistry  of  315  required  a  variation  of  the  HMQC 
experiment.  The  HMBC  experiment  allows  for  the  direct 
correlation  between  protons  and  the  carbon  to  be  suppressed 
while  two  and  three  bond  correlations  were  seen. 

After  the  spectrum  was  analyzed  it  was  seen  that  the 
pyrrolidine  ring  protons  in  question,  the  one  at  3.79  ppm  and 
one  at  4.07  ppm,  Figure  3-9,  show  both  a  two  bond  and  three 
bond  correlation.  They  have  crosspeaks  with  both  the  phenyl 
quarternary  carbon  at  141.4  ppm  and  the  carbonyl  carbon  at 
171.2  ppm.  Hence  they  are  indistinguishable  in  this  spectrum. 
In  the  interest  of  clarity  only  the  diagnostic  peaks  have 
been  indicated  in  Figure  3-9.  The  two  geminal  ring  protons 
4.16  ppm  and  4.66  ppm  show  a  three  bond  correlation  with  the 
phenyl  quarternary  carbon  at  141.4  ppm.  The  proton  at  3.79 
ppm  shows  a  crosspeak  with  carbon  at  126.8  ppm.  This  is  also 
the  only  pyrrolidine  ring  proton  that  has  a  correlation  with 
this  ortho  carbon.  This  observation  clearly  establishes  the 
regiochemistry  of  315  is  as  drawn  in  Figure  3-9.  The 
resonance  structure  314a,  Figure  3-8,  is  the  one  that 
reacts  to  give  the  product.  This  is  the  less  stable  structure 
as  it  has  one  less  anion  stabilizing  substituent  compared  to 
the  other  resonance  structure.  Therefore  it  stands  to  reason 
that  the  less  stable  form  3 14a, is  also  the  more  reactive  form 
leading  to  the  observed  product. 


70 


0" 


the  head  the  proton. 

Figure    3-9:  Representation  of  HMBC  connectivities  of  315. 

Having  solved  the  puzzle  of  the  regiochemistry  of  315, 
NOSEY  and  NOE  difference  experiments  were  performed  to 
address  the  issue  of  stereochemistry.  While  the  NOESY  did  not 
shed  much  light  on  the  stereochemistry  of  315,  irradiation  of 
aromatic  protons  at  7.19  ppm  showed  enhancements  of  2%  for 
proton  at  4.07  ppm,  2%  for  proton  at  3.79  ppm  and  1%  for 
proton  at  4.16  ppm.  These  observed  enhancements  indicated 
that  the  phenyl  group  was  on  the  same  side  of  the  pyrrolidine 
ring  as  the  proton  at  4.07  ppm.  So  the  stereochemistry  of  the 
ester  and  the  phenyl  substituents  on  the  pyrrolidine  ring  was 
assigned  as  trans  with  respect  to  each  other. 
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Other  than  the  above  cycloaddition,  reactions  of  314 
with  numerous  other  dipolarophiles  were  attempted,  a  series 
of  sulfones  were  tried  -  E-l-(phenylsulfone)-2-phenylethene, 
phenyl  vinyl  sulfone,  methyl  vinyl  sulfone  -  but  only  a 
polymerization  of  the  olefin  was  observed.  Dipolarophiles 
with  electron  donating  substituents  such  as  E-l- 
(phenylsulf ide ) -2-phenylethene  and  vinylene  carbonate  were 
not  unexpectedly  unreactive.   In  the  case  of  {3-nitrostyrene, 

addition  of  base  was  followed  by  an  intense  orange  color 
developing,  an  insoluble  polymer  and  unreacted  nitrone  were 
recovered.  The  symmetrical  dipolarophiles  continued  to  be 
unsuitable  for  cycloaddition  with  this  nitrone.  Some  of  the 
symmetrical  dipolarophiles  tested  were  diethyl  fumarate, 
diethyl  maleate,  w-methyl  and  W-ethyl  succinimide,  and 
tetrachloroethylene .  Finally,  an  alkyne,  phenyl 
ethylpropionate ,  was  also  found  to  be  unreactive.  The 
starting  nitrone  was  not  recovered  in  most  of  the  reactions . 
Under  the  reaction  conditions  used  no  dimers  were  observed. 
The  common  results  observed  in  the  reactions  that  failed  were 
the  formation  of  polymeric  adducts  and  decomposition  of  the 
nitrone . 

Studies  with  azaallyl  anions  have  concluded  that  in  the 
absence  of  suitable  stabilizing  groups,  azaallyl  anions  have 
a  very  short  lifetime  (58).  The  absence  of  a  suitably 
activated  anionophile  results  in  the  formation  of 
decomposition  products.  Similarly,  in  the  case  of  nitrone 
anions,  the  lifetime  could  be  short  due  to  lack  of  adequate 
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stabilization.  In  conclusion,  successful  cycloaddition  was 
observed  with  the  nitrone  314  and  methyl  cinnaraate  as  the 
dipolarophile.  Unfortunately,  extensive  studies  with  this 
reactive  nitrone  anion  were  not  successful  in  establishing 
this  as  a  general  reaction. 

Synthesis  of  M-benzyl-a-tert-butoxvcarbonyl  Nitrone 

The  N- benzyl  nitrone  318,  Figure  3-10,  was  synthesized 
using  analogous  reaction  conditions  as  used  in  the  synthesis 
of  the  N-methyl  nitrone  314,  Figure  3-5  (113,114).  The  N- 
benzyl  hydroxylamine  amine  is  commercially  available  as  the 
hydrochloride  salt.  The  hydrochloride  was  neutralized  using 
excess  triethylamine ,  and  the  excess  triethylamine 
hydrochloride  salt  was  filtered  off  and  the  triethylamine  was 
evaporated  off  under  reduced  pressure.  The  free  base  of  N- 
benzyl  hydroxylamine  was  soluble  in  methylene  chloride, 
unlike  the  W-methyl  hydroxylamine.  To  a  solution  of  this  free 
base  in  methylene  chloride,  freshly  distilled  glyoxalate  was 
added  at  room  temperature,  followed  by  the  addition  of 
calcium  carbonate.  The  resulting  nitrone  318  was  also 
isolated  as  a  mixture  of  Z-  and  E-  isomers.  NOE  difference 
experiments  were  carried  out  to  establish  the  major  and  the 
minor  isomer.  A  4%  enhancement  of  the  nitrone  proton  was 
observed  upon  irradiation  of  the  benzylic  protons  in  the 
minor  isomer,  indicating  the  minor  isomer  is  in  the  Z- 
conf iguration.  The  major  isomer  did  not  give  any  enhancement 
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upon  irradiation  of  the  benzylic  proton  indicating  this  would 
be  the  E-  isomer.  Thus,  the  product  distribution  for  the  N- 
benzyl  nitrone  318  is  similar  to  the  W-methyl  nitrone  314 
seen  earlier. 


H°X^SvOtBu+  PhCH2NHOH.HCl      1    »  Ph\^^^0tBu 
OH  3:2  Mixture  of  E  and  z 

317  318:  78% 


Figure  3-10:  Synthesis  of  tf-benzyl-a-t-butoxycarbonyl 
nitrone.  Reagents  and  Conditions:  i:  Triethylamine,  methylene 
chloride,  calcium  carbonate. 

Cyclization  of  Nitrone  318 

The  nitrone  318  was  cyclized  with  methyl  cinnamate 
Figure  3-11,  under  the  usual  conditions,  with  THF  as  the 
solvent  and  NaHMDS  as  the  base.  There  was,  however  one 
additional  step  in  this  cycloaddition,  all  the  solvent  of  the 
reaction  and  subsequent  solvents  and  solutions  during  workup 
were  purged  with  nitrogen  to  prevent  oxidation  of  the  cyclic 
hydroxylamine  product.  Four  reaction  products  were  isolated 
in  a  net  yield  of  57%,  and  of  these,  two  were  in  very  low 
yields  of  3%  and  4%.  The  major  product  was  the  cyclized 
hydroxylamine  319,  formed  in  32%  yield.  The  nitrone  320, 
formed  by  the  oxidation  of  the  cyclic  hydroxylamine  was 
calculated  to  be  formed  in  18%  yield.  The  product 
distribution  was  calculated  from  the  NMR  of  the  mixture  of 
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all  four  products  isolated  after  column  chromatography 
purification.  Separation  of  the  products  formed  in  this 
reaction  proved  to  be  fairly  challenging.  A  small  fraction 
containing  319  in  the  pure  form  was  obtained  for  analysis. 
Interestingly,  the  substituents  of  319  are  alternatively  a 
and  p,  hence,  they  are  trans  to  the  substituents  on  adjacent 
ring  carbons.  This  feature  makes  this  a  very 
thermodynamically  stable  diastereomer . 


0" 

1 

OH 

0" 

Ph.      _N*.  £02tBu 
318 

1 

phyN\,/°2tBu 

1 

Ph\>^+N>>V:02tBu 

+  C02Me 

H 

C02Me°  Ph 

Me02C°  Ph 

Ph 

319:  32% 

320:  18% 

Figure  3-11:  Cyclization  of  nitrone  318.  Reagents  and 
Conditions:   i:  NaHMDS,  -40  °C,  THF. 

Determining  the  Stereochemistry  of  319  and  320 

The  stereochemistry  of  the  319  was  determined  in  the 
usual  manner  by  performing  two  dimensional  experiments  like 
the  DQC0SY  and  NOESY.  As  shown  in  the  Figure  3-12,  the 
stereochemistry  can  be  assigned  with  reasonable  confidence 
based  on  the  NOEs  observed.  Strong  crosspeaks  were  observed 
between  protons  that  are  coupled,  which  is  expected.  However 
medium  crosspeaks  were  also  observed  between  protons  one 
carbon  away  (i.e.,  the  crosspeaks  seen  between  non  coupled 
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protons,  indicated  by  straight  arrows  cutting  across  the 
ring ) . 


s :  strong 
m:  medium 


Figure  3-12:  Interproton  NOEs  observed  for  nitrone  319  and 
320 

The  stereochemical  assignment  of  3  20  was  more  involved, 
as  several  questions  needed  to  be  addressed.  These  include 
the  regiochemistry  of  the  nitrone,  the  regiochemistry  of 
addition  across  the  dipolarophile,  and  the  usual  question 
about  the  stereochemistry  of  the  ring  substituents .  The 
regiochemistry  of  the  nitrone  in  the  ring  was  determined  to 
be  one  with  the  aromatic  ring  in  conjugation  with  the  double 
bond  of  the  nitrone.  Such  a  conjugation  causes  the  ortho 
protons  on  the  aromatic  rings  to  be  desheilded,  and  such  an 
effect  was  indeed  observed.  A  series  of  NOESY  and  NOE 
difference  experiments  were  then  performed,  Figure  3-12.  The 
diagnostic  experiment  proved  to  be  the  irradiation  of  the 
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proton  at  the  3-  position  of  the  pyrrolidine  ring  which 
produced  an  8%  enhancement  at  the  aromatic  proton  at  7.19 
ppm.  This  corresponds  to  the  ortho  protons  of  the  phenyl  ring 
at  the  4-  position  of  the  pyrrolidine  ring.  It  also  produced 
an  enhancement  of  11%  at  the  ortho  protons  of  the  aromatic 
ring  in  conjugation  with  the  nitrone  at  the  2-  position  of 
the  pyrrolidine  ring.  The  first  observation  established  the 
stereochemistry  of  the  substituents  at  the  3,4  positions  to 
be  trans.  This  was  also  confirmed  by  an  absence  of 
enhancement  between  the  protons  at  this  position,  in  spite  of 
being  coupled.  Irradiation  of  the  proton  at  the  5-position  of 
the  pyrrolidine  ring  produced  an  6%  enhancement  of  the  proton 
at  the  4-position.  This  lead  to  the  assignment  of  the 
relative  stereochemistry  at  these  two  positions  to  be  cis . 
The  regiochemistry  of  addition  across  the  dipolarophile  was 
tentatively  assigned  to  be  the  same  for  320  as  for  319  based 
on  the  absence  of  any  enhancement  of  aromatic  protons  at  8.0 
ppm  (on  the  aromatic  ring  substituted  at  position  2-  of  the 
pyrrolidine  ring)  when  protons  belonging  to  the  other 
aromatic  ring,  at  7.19  ppm,  were  irradiated. 

Conclusion 

Functionalized  nitrones  have  been  successfully  utilized 
in  cycloaddition  reactions  to  form  substituted  pyrrolidine 
rings.  Thus,  the  nitrones  314  and  318  have  been  used  to 
synthesize    highly    substituted    proline    analogs.  These 
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cycloadditions  demonstrate  the  utility  of  nitrone  anion 
cycloadditions . 

The  partially  stabilized  nitrone  314  was  too  reactive 
and  gave  low  yields  upon  cyclization.  The  need  for  anion 
stabilization  is  similar  to  other  anionic  cycloadditions. 
However,  the  ability  to  successfully  undergo  cycloaddition 
with  incorporation  of  polar  substituents  is  unique  to  nitrone 
anion  cycloadditions,  unlike  other  anionic  cycloadditions. 
The  nitrone  318  which  has  stabilizing  groups  on  both  the 
termini  of  the  dipole  showed  improved  yields,  as  expected. 


CHAPTER  4 

STUDIES  TOWARD  THE  SYNTHESIS  OF  COCAINE  METABOLITE  ANALOGS 

USING  NITRONE  ANIONS 

Introduction 

Cocaine  has  been  reported  to  be  a  strong  hepatotoxin  in 
mice  (122).  It  was  suggested  as  early  as  1967  that  cocaine 
mediates  hepatotoxicity  in  humans  (123).  Recently  evidence 
has  been  obtained  to  suggest  cocaine  may  cause  liver  damage 
in  humans  (124).  The  liver  damage  following  cocaine  injection 
was  found  to  be  due  to  the  action  of  a  metabolite  of  cocaine 
rather  than  cocaine  itself  (125).  It  is  now  known  that  the 
minor  pathway,  cocaine  to  norcocaine  to  N-hydroxynorcocaine 
to  norcocaine  nitroxide,  is  responsible  for  the  cocaine 
induced  hepatotoxicity  (126,127).  The  bioactivation  of 
cocaine  to  a  toxic  metabolite  appears  to  be  a  multi-step 
process  carried  out  by  the  cytochrome  P-450  microsomal  mixed 
function  oxidase  system.  There  is  however  some  controversy 
about  the  exact  metabolic  pathway  involved  in  the  production 
of  the  toxic  metabolite  and  the  structural  features  of  the 
toxic  metabolite(s )  (127-129).  W-hydroxynorcocaine  has  been 
implicated  as  one  of  the  key  hepatotoxins  (129).  Analogs  of 
//-hydroxy norcocaine  need  to  be  synthesized  to  understand  the 
structural  reguirements  of  hepatotoxic  metabolite.  Such 
structure-activity  relationship    (SAR)    studies   are  useful 
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tools  in  understanding  the  metabolic  pathway  involved,  a 
characteristic  unique  in  cycloaddition  reactions  using 
nitrone  anions  is  the  N-hydroxy  substituted  form  of  the 
cycloadduct.  The  syntheses  of  these  analogs  in  a  manner  that 
is  flexible  and  can  incorporate  variations  can  be  provided  by 
nitrone  anion  cycloaddition  chemistry  indicated  in  the 
retrosynthetic  analysis  shown  in  Figure  4-1. 
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Figure    4-1:  Retrosynthetic  analysis  of  synthesis  of  analogs 
of  w-hydroxynorcocaine . 

While  all  cycloaddition  reactions  with  nitrone  anions 
are  without  precedent,  the  study  of  cycloaddition  of  cyclic 
nitrones  to  assemble  complex  bicyclic  molecules  like  401 
promised  to  be  especially  challenging.  The  feasibility  of 
such  cycloadditions  was  explored  using  model  five  membered 
cyclic  nitrones . 
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Results  and  Discussion 

To  study  the  cycloaddition  of  cyclic  nitrones  several 
possible  reported  syntheses  of  the  desired  nitrones  were  at 
our  disposal  (83,115,78,86,87,130-133).  4-methyl  pyrrolidine- 
1-oxide  was  the  first  such  nitrone  selected.  This  has  the 
required  acidic  protons  at  the  five  position  to  generate  the 
nitrone  anion  dipole.  It  also  has  protons  at  the  three 
position  which  could  potentially  deprotonate  preferentially 
to  form  the  hydroxyenamine  instead  of  the  required  nitrone 
anion.  This  would  obviously  be  undesirable,  we  chose  other 
nitrones  as  possible  targets  to  address  this  problem,  if 
necessary. 

Synthesis  of  Cyclic  Nitrone  by  Intramolecular  Cvclization  of 
a  Hydroxyl amine  and  Aldehyde 

One  the  earliest  generalized  routes  to  cyclic  nitrones 
was  developed  by  Todd  and  coworkers  (83).  This  usually 
consists  of  deprotonating  a  nitroalkane  followed  by  a  Michael 
addition  to  an  a,  |3  unsaturated  aldehyde  or  ketone.  This  is 

subjected  to  reduction  with  Zn/acid  which  converts  the  nitro 
functionality  to  a  hydroxylamine  which  spontaneously 
undergoes  an  intramolecular  cycloaddition  to  yield  the 
desired  cyclic  nitrone.  Initial  experiments  were  conducted 
reacting  2-nitropropane  with  crotonaldehyde  using  sodium 
methoxide  as  the  base.  The  Michael  adduct  was  then  reduced 
under  zinc  acid  conditions  to  yield  the  cyclic  nitrone  407, 
Figure    4-2,  as  reported  by  Todd  and  coworkers. 
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Pigure  4-2:  First  attempt  at  the  synthesis  of  a  suitable 
cyclic  nitrone.  Reagents  and  conditions:  i:  Sodium  methoxide, 
methanol,  ii:  Zn,  HC1. 

However,  when  the  reaction  was  attempted  with 
nitromethane  and  crotonaldehyde  under  identical  conditions 
the  Michael  addition  was  unsuccessful,  instead  a 
polymerization  of  crotonaldehyde  was  observed. 

Towards  the  Synthesis  of  Suitably  Substituted  Cyclic  Nitrones 

One  of  the  concerns  in  nitrone  cycloaddition  discussed 
before  is  the  deprotonation  at  the  three  position  to  give  the 
hydroxyenamine .  The  presence  of  an  oxygen  bearing  substituent 
at  this  position  would  significantly  reduce  the  acidity  at 
this  position,  towards  this  goal  new  cyclic  nitrone  targets 
were  chosen.  The  nitrone  416  was  targeted  based  on  its 
synthesis  reported  by  Petrini  and  coworkers  in  their 
synthesis  of  Anisomysin  (78).  DL-Tartaric  acid  was  condensed 
with  benzylamine  in  refluxing  xylenes  using  a  Dean-Stark' s 
tube  to  monitor  the  reaction  (134).  The  condensed  product  412 


82 


was  obtained  in  8  0%  yield  after  recrystallization.  The  next 
step  involved  a  reduction  of  the  cyclic  imide  412  to  a 
pyrrolidine  413.  The  literature  method  for  this 
transformation  involves  the  reduction  being  performed  with 
sodium  borohydride  and  boron  trifluoride  diethyl  etherate, 
the  active  reducing  species  being  borane  generated  in  situ 
(134).  The  commercial  availability  of  borane  in 
tetrahydrofuran  prompted  us  to  attempt  this  reduction  in  with 
this  reducing  species.  This  was  however  unsuccessful  as  a 
reductive  species.  The  reported  procedure  utilizing  sodium 
borohydride  and  boron  trifluoride  diethyl  etherate  in 
diglycol-dimethyl  ether  proved  to  be  effective  reducing 
conditions,  reducing  412  to  the  desired  pyrrolidine  413.  A 
bleed  line  was  inserted  from  the  reaction  vessel  to  an 
acetone  trap  to  react  with  any  escaping  diborane.  The  organic 
phase  was  poured  into  water  and  extracted  with  ether  using  a 
continuous  extracter  over  a  period  of  48  hours.  The  net  yield 
of  413  after  purification  by  recrystallization  was  81%.  The 
next  step  was  the  protection  of  the  hydroxyl  groups  using 
met hoxy methyl  groups .  This  protecting  group  is  stable  in 
basic  conditions  and  is  cleaved  in  acidic  conditions.  These 
characteristics  are  well  suited  for  the  basic  conditions  the 
target  nitrone  needs  to  be  subjected  to  in  our 
investigations . 
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Figure  4-3:  Second  attempt  at  synthesis  of  a  cyclic  nitrone. 
Reagents  and  conditions:  i:  Xylenes,  reflux,  ii:  BF3Et20, 
NaBH4,  diglycol-dimethylether.  iii:  a)  P2O5,  CH2(OMe)2.  or 
MOMC1,  NaH,  THF.  iv:  Pd/C,  ammonium  formate,  THF.  v:  a)  H2O2, 
Se02.  or  H2O2,  NaW04. 


The  literature  procedure  utilizes  dimethoxymethane  and 
P2O5  (78,  135).  This  procedure  requires  an  efficient 
mechanical  stirrer  along  with  a  reflux.  These  conditions 
produced  varying  results  given  the  heterogenous  nature  of  the 
reaction  and  the  conversion  of  the  P2O5  to  a  stiff  paste 
during  the  course  of  the  reaction.  The  best  yield  observed 
was  70%  in  reactions  carried  out  on  a  small  scale  of  few 
hundred  milligrams.  The  reaction  often  produced  a  mixture  of 
products  in  this  protection  reaction,  therefore  the  reaction 
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conditions  were  changed  to  utilizing  sodium  hydride  and 
chloromethyl  methyl  ether  (136).  Extreme  care  was  exercised 
in  handling  of  chloromethyl  methyl  ether  given  its  highly 
toxic  nature.  The  chemical  was  handled  in  a  well-ventilated 
hood  with  gloves.  This  reaction  was  followed  carefully  and 
conditions  optimized  to  produce  the  desired  product  in  80% 
yield  and  in  sufficient  purity  to  carry  the  product  through 
the  next  reaction  without  additional  purification  steps.  The 
next  step  consisted  of  reducing  the  N-benzylpyrrolidine  to 
the  free  ring  amine  415.  This  was  effected  through  general 
reaction  conditions  of  palladium  on  carbon  using  ammonium 
formate  as  the  source  of  hydrogen.  The  product  was  purified 
using  column  chromatography,  adding  30%  ammonium  hydroxide  to 
the  mobile  phase  to  facilitate  the  elution  of  the  amine  over 
the  silica  column.  This  amine  was  then  subjected  to  oxidation 
with  Se02  and  H2O2  (86).  The  desired  nitrone  was  not  obtained, 
decomposition  products  possibly  from  over  oxidation  were 
obtained.  Changing  the  oxidant  to  sodium  tungstate  still 
proved  unsuccessful  (87). 

In  the  course  of  this  synthesis,  due  to  the  laborious 
nature  of  the  reduction  step  and  the  vagaries  of  the 
protection  step  in  the  Petrini  synthesis,  an  alternate 
synthesis  was  being  concurrently  pursued.  This  alternate 
route,  by  Brandi  and  coworkers  proved  to  be  far  more  facile 
and  successful  (133).  The  last  step  in  the  Petrini  synthesis 
involves  the  oxidation  of  an  amine  to  a  nitrone.  We  found 
this  step  to  unsuccessful,  with  over  oxidation  products  being 
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observed,  similar  problems  were  encountered  otner  reports 
(78).  The  Brandi  synthesis,  however,  utilizes  the  oxidation 
of  a  hydroxylamine  to  a  nitrone.  This  last  step  seemed  much 
more  attractive  as  this  is  a  particularly  facile  reaction, 
requiring  mild  oxidizing  conditions.  There  have  been  cases, 
reported  in  literature  and  observed  by  us,  where  cyclic 
hydroxylamines  often  easily  oxidize  by  mere  exposure  to 
atmospheric  oxygen  (115,  116).  We  sought  to  establish  a 
generalized  route  to  these  cyclized  nitrones  for  our 
investigations.  By  comparision,  the  Petrini  synthesis  has  a 
problematic  last  step  and  the  Brandi  synthesis  has  a  very 
straightforward  last  step.  Therefore  the  Petrini  synthesis 
was  abandoned  in  favor  of  Brandi  synthesis. 

Synthesis  of  a  Cyclic  Nitrone  from  Malic  Acid 

The  next  nitrone  synthesized  was  a  cyclic  nitrone 
synthesized  from  1-malic  acid,  using  the  method  of  Brandi  and 
coworkers  (133).  L-malic  acid  was  esterified  to  its  diethyl 
ester  using  cone,  sulfuric  acid  and  refluxing  in  ethanol.  The 
diethyl  ester  419  was  isolated  in  80%  yield.  419  was  then 
etherified  at  the  secondary  alcohol  to  the  tert-butyl  ether 
using  isobutylene.  Etherif ication  of  secondary  alcohols  to 
their  tert-butyl  ethers  are  often  reported  to  be  problematic, 
occurring  in  low  yields  (137).  Studies  on  tert-butyl 
etherif ication  of  secondary  alcohols  have  reported  that  the 
acid  catalyst  used  does  not  play  a  significant  role  in  yields 
observed  (138).  This  is  contrary  to  results  observed  by  us, 
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as  we  found  the  use  of  cone,  sulfuric  acid  as  the  acid 
catalyst  to  be  unsuccessful.  The  use  of  non-aqueous  resin, 
amberlyst  H-15,  as  acid  catalyst,  proved  to  be  very 
successful,  with  the  reactions  going  through  to  completion. 
The  reaction  was  washed  with  water  to  remove  traces  of  any 
unreacted  alcohol.  The  resin  can  be  removed  easily  by 
filtration  and  the  solvent  evaporated  to  yield  the  etherified 
product  419  in  high  purity  to  carry  out  the  next  step.  The 
diester  419  was  then  reduced  with  lithium  aluminum  hydride. 
The  reaction  was  refluxed  over  eight  hours  and  it  proceeded 
smoothly  to  completion.  The  diol  was  purified  by  distillation 
at  0.05  mm  of  mercury  and  110  °C.  The  yield  after 
distillation  was  90%.  The  purified  diol  42  0  was  then 
mesylated  using  methanesulf onylchloride  along  with 
triethylamine.  The  reaction  was  very  efficient  going  to 
completion  within  30  minutes.  The  product  421  was  then 
refluxed  with  hydroxylamine  hydrochloride  in  triethylamine. 
After  four  hours  the  reaction  went  to  completion  to  yield  the 
cyclic  hydroxylamine.  The  yield  of  the  cyclic  hydroxylamine 
422  was  65%.  This  yield  is  respectable  considering  the  key 
nature  of  the  reaction,  this  being  a  cyclization  step  with 
two  of  the  ring  bonds  being  formed  in  one  step.  Other 
reported  work  utilizing  tosylates  as  leaving  groups  gave  a 
complex  mixture  of  products  in  similar  cyclization  steps 
(115).  This  cyclic  hydroxylamine  was  oxidised  with  yellow 
mercuric  oxide,  one  of  the  most  common  oxidants  in  the 
synthesis  of  nitrones  from  hydroxyl  amines.  The  nitrone  was 
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synthesised  in  73%  yield.  The  nitrone  preferentially  from  the 
regioisomer  42  3.  Only  faint  traces  of  the  other  regioisomer 
are  observed  in  the  proton  NMR,  with  the  desired  regioisomer 
being  formed  in  over  10:1  selectivity.  This  effect  has  been 
studied  and  explained  as   the  oCH-o*CO  interaction  between 

proton  at  C2  anti  to  the  CO  bond  at  position  three  (133). 
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Figure  4-4:  Synthesis  of  a  Cyclic  Nitrone.  Reagents  and 
conditions:  i:  Ethanol,  cone,  sulfuric  acid,  reflux,  ii: 
Isobutylene,  Amberlyst  H-15,  hexanes.  iii:  Lithium  aluminum 
hydride,  ether,  iv:  Methylsulfonyl  chloride,  triethylamine , 
methylene  chloride,  v:  Hydroxylamine  hydrochloride, 
triethylamine,  reflux,  vi:  HgO,  methylene  chloride. 


The  cyclic  nitrone  42  3  was  synthesized  in  five  steps 
from  diethylmalate,  in  an  overall  yield  of  39%.  Thus  the 
synthetic  route  providing  the  cyclic  nitrone  by  oxidizing  the 
hydroxyl-amine  proved  to  be  efficient  and  generated  good 
yields  of  the  product.  The  nitrone  416  can  also  be 
synthesized  from  tartaric  acid  using  this  synthetic  strategy. 
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Initial  experiments  with  the  nitrone  42  3  were  designed 
to  study  its  nucleophilicity  and  reactivity.  The  nitrone  42  3 
was  subjected  to  the  usual  alkylation  conditions,  the  nitrone 
proved  to  be  too  reactive  under  these  conditions  and  only 
decomposition  products  were  observed.  Initial  attempts  at 
cycloaddition  were  similarly  unsuccessful.  Further 
investigations  of  reactivity  of  cyclic  nitrones  were 
postponed  due  to  the  need  for  generating  an  antibody  against 
cocaine . 

Generation  of  an  Anticocaine  Antibody 

Testing  of  the  cycloadducts  required  the  identification 
of  the  enzyme  responsible  for  the  toxic  metabolites.  The 
enzyme  must  be  isolated  from  material  that  closely  resembles 
the  desired  protein,  and  the  desired  protein  occurs  only  in  a 
few  percentage  by  weight  (139).  Immunochemical  methods  are 
very  useful  for  this  isolation  (139-141).  These  methods  for 
the  isolation  of  the  protein  use  an  antibody  to  bind  to  the 
protein  of  interest.  In  our  case  we  need  an  antibody  that 
will  bind  to  the  protein-cocaine  complex,  to  locate  the 
cocaine  metabolite  in  the  tissue.  The  initial  strategy  of 
using  commercially  available  antibody  was  unsuccessful.  The 
enzyme  of  interest  could  not  be  isolated  for  structure 
activity  studies  to  be  performed  on  tf-hydroxycocaine  analogs. 
It  was  therefore  imperative  to  raise  an  antibody  to  cocaine 
before  this  investigation  could  proceed  further. 
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Design  and  Strategy  Towards  an  Anticocaine  Antibody 

Before  going  any  further  into  this  discussion,  some  of 
the  commonly  used  terms  and  their  definitions  are  described 
(139,142,143) . 

Antibody:  An  antibody  is  a  protein  generated  by  the 
immune  system  in  response  to  the  presence  of  foreign 
molecules.  They  have  high  affinity  and  specificity  towards 
their  antigens . 

Immunogen:  Anything  capable  of  generating  antibody 
production  is  called  an  immunogen.  An  immunogen  must  possess 
a  degree  of  structural  complexity.  Natural  immunogens  are 
usually  macromolecules  of  protein  or  carbohydrate  composition 
or  a  combination  of  both.  Essentially,  a  molecule  must  posses 
a  molecular  weight  around  5000  or  more  to  be  a  immunogen. 

Haptens  and  carriers:  Many  small  molecules  can  be  used 
to  raise  antibodies,  if  they  are  coupled  to  larger  protein 
molecules.  In  such  conjugates  the  small  compounds  are  known 
as  haptens  and  the  proteins  they  are  coupled  to  are  known  as 
carriers. 

Antigen:  The  molecule  that  the  antibody  specifically 
binds  to  is  known  as  the  antigen.  The  terms  immunogen  and 
antigen  are  sometimes  used  interchangeably. 

Epitope:  This  is  a  structurally  defined  site  of  three 
dimensional  composition  on  an  antigen.  This  is  the  site  a 
specific  antibody  binds  to. 
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In  order  to  gain  an  understanding  of  the  reason  why  the 
commercial  antibody  does  not  bind  to  the  cocaine  enzyme 
complex,  two  key  factors  need  to  be  examined:  the  chemistry 
involved  in  cocaine  metabolism  and  the  procedure  used  to 
generate  the  commercially  available  antibody. 


Figure  4-5:  Schematic  representation  of  commercial  and 
desired  epitopes. 
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As  shown  in  Figure  4-5  the  enzyme  binding  site  is 
around  the  nitrogen  of  the  tropane  ring.  This  is  indicated  by 
the  metabolic  transformations,  the  conversion  of  the  w-methyl 
group  to  the  secondary  amine  norcocaine,  followed  by 
conversion  of  the  nor  form  to  the  N-hydroxide  and  the  N-oxide 
form.  The  nitrogen  bridge  is  therefore  not  the  epitope 
desired  for  the  antibody  needed  for  our  study.  The  epitope 
desired  for  our  study  is  also  depicted  in  structure  42  4, 
Figure  4-5,  as  the  part  of  the  molecule  inside  the  bigger 
loop.  The  commercial  antibody,  and  other  anticocaine 
antibodies  have  been  raised  by  linking  cocaine  to  a  protein 
at  the  methyl  ester  position  after  hydrolysis  of  this  ester 
to  the  free  acid  (144,  145).  This  presents  an  epitope  as 
depicted  in  structure  42  5  in  Figure  4-5. 

As  can  be  seen  the  desired  epitope  and  the  epitope 
recognized  by  the  commercially  available  antibody  are 
complementary  and  therefore  a  new  antibody  needs  to  be 
developed.  42  9  was  chosen  as  the  hapten  to  generate  the 
desired  antibody.  The  key  difference  between  the  commercial 
hapten  and  the  hapten  in  this  work  is  the  point  of  linkage  of 
the  cocaine  molecule  to  the  macromolecule.  The  norcocaine 
molecule  would  be  connected  to  a  macromolecule  from  the 
nitrogen  of  the  tropane  ring  to  p-alanine  and  succinic  acid 

which  act  as  the  linkers .  Thus  the  norcocaine  molecule  so 
tethered  that  it  would  present  an  epitope  to  the  immune 
system,  different  from  that  presented  by  the  commercial 
hapten,   thereby  generating  a  different  antibody.  Succinic 
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acid  was  chosen  as  one  of  the  linkers  as  14C  labeled  carbon 
can  be  easily  incorporated  into  the  molecule  as  shown  by 
Landry  and  coworkers  (146).  This  radioactive  nature  of  the 
hapten  is  essential  to  monitor  and  quantitate  the  coupling  of 
the  hapten  to  a  macromolecule. 

Synthesis  of  the  Norcocaine  Hapten 

As  indicated  by  the  rationale  of  the  desired  hapten,  the 
ester  groups  of  cocaine  are  an  integral  part  of  the  epitope 
to  be  presented  to  the  immune  system.  The  synthesis  needs  to 
be  mild  so  as  to  preserve  the  ester  groups  through  the 
syntheses  and  workups.  The  coupling  of  the  norcocaine  to 

alanine  was  carried  out  under  standard  coupling  conditions, 
using  a  bulky  carbodiimide  as  the  activating  group  (147). 
Upon  purification  pure  coupled  product  427  was  obtained  in 
7  5%  yield.  The  Z-  protected  amine  was  then  reduced  to  its 
free  amine  using  Pd/C  and  1 , 4-cyclohexadiene.  Initially 
cyclohexene  was  being  used  as  the  hydrogen  source  for  these 
reductions,  however  the  results  of  these  reductions  were 
erratic.  Changing  the  hydrogen  source  to  1, 4-cyclohexadiene 
resulted  in  consistently  good  yields  of  the  deprotected 
product  428  (148).  The  free  amine  was  then  reacted  with 
succinic  anhydride  in  THF  to  yield  the  final  hapten  42  9.  The 
reaction  went  to  completion  and  yielded  the  desired  product 
in  sufficient  purity  (146).  Previous  attempts  at  workup 
involving  extraction  with  acid  resulted  in  loss  of  product, 
as  indicated  by  the  mass  balance.  This  was  presumably  due  to 
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hydrolysis  of  the  sensitive  ester  groups  on  norcocaine  and 
transfer  of  the  norcocaine  derivative  into  the  aqueous  layer. 
We  found  the  extraction  step  unnecessary,  and  evaporation  of 
the  solvent  after  the  reaction  gave  the  desired  hapten  42  9. 


o 


Figure  4-6:  Synthesis  of  the  hapten.  Reagents  and 
conditions:  i:  Z-(3-alanine,  l-cyclohexyl-3-(  2-morpholino- 
ethyl)  carbodiimide  p-toluene  sulphonate  methylene  chloride, 
ii:  10%  palladium  on  carbon,  1,4  cyclohexadiene,  THF.  iii: 
succinic  anhydride,  THF. 

The  last  reaction  was  also  performed  with  radiolabeled 
succinic  anhydride.  The  radiolabeled  compound  is  only  a  small 
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fraction  of  the  equivalents  of  the  succinic  anhydride  needed, 
the  amount  of  radiolabeled  compound  was  selected  based  only 
on  the  units  of  radioactivity  desired,  the  rest  of  the 
equivalents  were  made-up  by  the  unlabeled  compound  (146).  428 
was  first  reacted  with  radiolabeled  succinic  anhydride 
followed  by  unlabeled  succinic  anhydride.  It  was  found  this 
order  of  addition  was  crucial  for  complete  incorporation  of 
the  radioactivity  into  the  hapten.  The  progress  of  the 
reaction  was  monitored  on  an  HPLC  linked  to  a  radiodetector 
as  well  as  a  UV  detector.  The  radioactivity  was  observed  to 
migrate  from  the  succinic  anhydride  peak  to  the  new  acid  peak 
formed. 

Linking  the  Hapten  to  a  Carrier  Protein 

The  conventional  method  to  raise  an  antibody  to  the 
hapten  42  9  synthesized  above,  would  be  conjugation  of  the 
hapten  to  a  carrier  protein  to  give  a  macromolecular 
structure.  They  can  be  linked  to  a  carrier  protein  like 
bovine  serum  albumin  (BSA)  or  keyhole  limpet  haemocyanin 
(KLH)  (142,143).  Such  conjugates  have  molecular  weights  in 
the  7  0  to  250  kilodalton  range  making  them  extremely 
immunogenic.  However  there  exists  a  reasonably  high 
probability  that  the  antibody  would  be  formed  to  an  epitope 
other  than  the  one  desired.  There  is  an  alternative  to  the 
above  method  referred  to  as  a  multiple  antigen  peptide  (MAP). 
This  method  was  pioneered  by  Tam  and  it  consists  of  a  resin 
supported  peptide  with   several   sites    for  connecting  the 
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hapten  to  the  peptide,  like  amino  groups  on  lysines  (149). 
The  structures  of  these  peptides  are  dendrimeric  in  nature 
presenting  the  antigen  on  the  extreme  branches  to  the  immune 
system.  MAPS  have  desirable  characteristics  such  as 
predetermined  and  reproducible  chemical  structure.  This  lack 
of  ambiguity  in  chemical  structure  is  likely  to  lead  to  the 
production  of  antibodies  against  the  desired  epitope  in  most 
instances.  However,  in  the  case  of  MAPs  the  tradeoff  for 
greater  specificity  is  the  much  lower  molecular  weight  of  the 
immunogen.  This  lowered  molecular  weight  may  fail  to  elicit 
an  antibody  response  in  the  host  animals.  Given  the 
idiosyncratic  nature  of  the  process  of  raising  antibodies, 
both  the  methods  discussed  above  were  attempted. 

Synthesis  of  the  Norcocaine  MAP 

The  synthesis  of  the  norcocaine  MAP  was  accomplished 
using  the  solid  phase  procedure  (149-151).  tert- 
Butoxycarbonyl  (Boc)  protected  octabranched  matrix  core  of 
lysines   on   a   resin,    that    is,  Boc8-Lys4-Lys2-Lys-p-ala-PAM 

resin,  as  depicted  in  Figure  4-7,  was  the  starting  resin. 
This  octabranched  matrix  is  commercially  available  with  0.6 
mmol  of  Boc  per  gram  of  resin.  The  Boc  protecting  groups  were 
removed  using  TFA  with  methylenechloride  as  the  solvent.  The 
presence  of  free  amine  was  tested  by  performing  Kaiser's  test 
on  the  resin  beads  (152).  A  blue  coloration  of  the  beads 
indicated  the  presence  of  free  amines. 
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Figure    4-7:  Schematic  representation  of  norcocaine  MAP. 

The  deprotection  was  followed  by  thorough  washing 
including  washes  with  5%  triethylamine  to  remove  the 
trif luroacetic  acid  and  to  convert  the  deprotected  amino 
groups  into  their  non-protonated  forms.  The  coupling  of  the 
hapten  to  the  free  amines  was  effected  by  standard  coupling 
conditions,  using  diispropylcarbodiimide  and 
hydroxybenzotriazole  in  methylene  chloride  (149-151).  The 
reaction  was  monitored  by  performing  the  Kaiser's  test  to 
check  for  the  presence  of  free  amines.  When  the  test 
indicated  a  complete  absence  of  free  amines  indicating 
complete  coupling,  the  resin  was  once  again  washed 
thoroughly.  The  octabranched  matrix  so  functionalized  with 
the  norcocaine  hapten  was  then  cleaved  from  the  resin  using 
anhydrous  hydrofluoric  acid.  The  molecular  weight  of  this  MAP 
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was  tested  using  MALDI.  The  molecular  weight  obtained  was  in 
the  range  expected  for  a  fully  funtionalized  octabranched 
matrix.  This  MAP  was  then  used  for  immunization. 

Synthesis  of  the  Norcocaine-Carrier  Conjugate 

Two  carrier  proteins,  BSA  and  KLH,  were  used  for 
conjugation  with  hapten  42  9  (153,154).  The  major 
consideration  in  the  coupling  reaction  was  the  solubility  of 
all  the  reactants  involved.  A  50:50  mix  of  DMF  and  water  as 
the  solvent  served  well  for  our  purposes.  Standard  coupling 
conditions  were  employed,  and  1-  ethyl-3-(3- 
dimethylaminopropyl )  carbodiimide  (ECD)  was  chosen  as  the 
activating  diimide  as  it  was  water  soluble  and  could  be 
dialyzed  away  upon  completion  of  the  coupling  (155).  The 
protein  and  a  preincubated  mixture  of  hapten,  ^-hydroxy 
succinimide  and  carbodiimide  were  mixed  incubated  at  0  °C 
for  sixteen  hours  and  then  allowed  to  warm  to  room 
temperature.  In  the  conjugation  with  BSA  the  reaction  turned 
cloudy  but  no  precipitation  was  observed.  Some  precipitation 
was  observed  in  the  reaction  with  KLH.  Both  the  above 
reactions  were  dialyzed  against  sodium  phosphate  buffer  (50 
mM)  with  two  changes  of  buffer  over  20  hours.  The  dialyzed 
conjugate  was  collected  and  lyophilized.  The  reaction  was 
repeated  with  radiolabeled  hapten,  and  the  radioactivity 
incorporated  into  the  protein  was  measured.  This  gave  a 
quantitative  indication  of  the  degree  of  conjugation.  It  was 
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calculated  that  17  to  18  lysines  were  derivatized  in  BSA  and 
about  75  lysines  were  derivatized  in  the  KLH  tetrar.er. 

Immunization  and  Results 

Immunization  was  performed  on  New  Zealand  white  rabbits. 
The  rabbits  were  first  bled  to  collect  preimmune  serum1  .  Two 
injections  of  0.5  mg  of  hapten-carrier  conjugate  were 
administered  subdermally.  Boosting  doses  with  0.5  mg  of 
immunogen  were  made  after  the  first  week,  then  every  two 
weeks  for  four  months,  after  four  months,  boosters  were 
administered  every  month  and  the  termination  bleed  was 
obtained  after  seven  months. 

In  the  case  of  the  norcocaine  MAP  immunization,  no 
immune  response  was  observed,  presumably  due  to  the  lower 
molecular  weight  of  the  MAP  and  this  immunization  was 
terminated  early.  Both  the  BSA  and  the  KLH  conjugates 
realized  the  desired  antibody.  The  detection  of  the  antibody 
was  performed  using  EL ISA2  on  the  hapten  covalently  linked  to 
polystyrene  plates  grafted  with  secondary  amino  groups. 

The  best  titer  was  observed  in  the  case  of  serum 
obtained  from  a  rabbit  immunized  by  the  BSA-hapten  conjugate. 
A  titer  of  1:1000  was  observed  which  is  comparable  to 
commercially  available  antibodies  for  cocaine  (1:4000). 


1  Immunizations  were  performed  by  Rockland  Immunochemicals, 
Boyerstown,  PA. 

2  ELISAs  were  performed  by  John  Munsen  at  the  Center  for 
Toxicology,  University  of  Florida. 
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The  specificity  of  the  antibody  was  tested  by  first 
incubating  the  antibody  with  cocaine  and  its  analogs, 
followed  by  repeating  the  ELISAs.  The  compound  the  antibody 
is  specific  to,  i.e.,  the  compound  that  is  antigenic,  is  a 
much  better  inhibitor  than  those  that  have  a  modified  epitope 
or  lack  that  epitope.  It  was  found  that  cocaine,  norcocaine 
and  W-hydroxy  norcocaine,  all  inhibit  at  similar  levels. 
However  at  50%  inhibition  level  there  was  100  fold  difference 
in  inhibitor  concentration  between  norcocaine  and 
benzoylecgoline  (hydrolysis  of  the  methyl  ester  in  cocaine 
forms  benzoylecgoline).  This  proves  that  the  antibody  is 
indeed  the  one  desired,  as  explained  before  (Figure  4-5). 
This  also  validates  the  hypothesis  of  choosing  the  nitrogen 
of  the  norcocaine  ring  as  the  point  of  conjugation  of  the 
antigen  to  the  carrier  protein  to  generate  an  antibody 
against  the  desired  epitope. 

Thus    a   novel   anticocaine  antibody  with  the  desired 
potency  and  specificity  was  generated. 


CHAPTER  5 

INTRAMOLECULAR  CYCLOADDITIONS  OF  NITRONE  ANIONS 

Introduction 

Dipolar  cycloadditions  were  discovered  in  the  early  1960 's  by 
Huisgen  and  coworkers  (20-26).  About  the  same  time,  the  first 
example  of  an  intramolecular  cycloaddition  was  reported  by 
LeBel  and  Whang  (74).  Since  that  early  example  of 
intramolecular  cycloaddition,  several  examples  of 
intermolecular  cycloadditions  were  reported.  However  not  many 
more  examples  of  intramolecular  cycloadditions  were  reported 
until  much  later  (156,157). 

Intramolecular  cycloadditions  have  several  advantages 
over  intermolecular  cycloadditions.  In  intramolecular 
cycloadditions,  the  dipolarophile  needs  a  lower  degree  of 
activation  (66,157).  The  ordered  nature  of  the  transition 
state  helps  induce  regiochemistry ,  generally  showing  a 
preference  for  fused  bicyclic  products  over  bridged  bicyclic 
products  (66).  Also,  there  seems  to  be  a  bias  for  cis  stereo- 
chemistry at  the  fusion,  rather  than  trans,  especially  when  5 
or  6  membered  rings  were  formed  (66).  In  addition  to  these 
advantages,  the  intramolecular  cycloaddition  offers  an 
efficient  pathway  to  complex  polycyclic  skeletons  seen  in 
many  natural  products  (156,157). 


100 


101 


Figure   5-1:  General  dipolar  intramolecular  cycloaddition 

There  have  been  no  reports  on  examples  of  bimolecular  or 
intramolecular  nitrone  anion  cycloaddition  in  the  literature. 
Therefore,  the  two  classes  of  intramolecular  cycloadditions 
closest  to  nitrone  anions  were  examined:  nitrones  and  azaal- 
lyl  anions.  The  former  provided  information  about  the  kinds 
of  nitrones  accessible  for  the  anion  cycloaddition,  and  the 
latter  was  studied  due  to  the  similarities  in  reactivity 
encountered  between  nitrone  anions  and  azaallyl  anions  namely 
dimerization,  strongly  basic  conditions,  and  the  need  for 
anion  stabilization  (27,58). 

Intramolecular  Cycloadditions  of  Nitrones 

There  have  been  several  examples  and  reviews  of 
intramolecular  cycloadditions  of  nitrones  reported  in  the 
literature  (66).  One  of  the  first  examples  of  any  form  of 
intramolecular  dipolar  cycloadditions  was  that  of  a  nitrone, 
reported  by  LeBel  and  Whang  (74).  The  product  of  this  cyclo- 
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Figure  5-2:  First  intramolecular  cycloaddition  of  a  nitrone. 
Reagents  and  conditions:  i:  HgO,  ii:  MeNHOH. 

addition  was  a  cis  fused  compound  503,  Figure  5-2,  a  common 
stereochemistry  for  the  products  of  intramolecular  cycloaddi- 
tions . 

The  control  of  stereochemistry  can  be  extended  to  a 
third  center  by  the  choice  of  the  Z-  or  the  E-  form  of  the 
dipolarophile  in  the  reactions.  The  products  of  the  reaction 
were  under  kinetic  control  and  the  configurations  of  the 
olefin  were  retained  in  the  products,  Figure    5-3,  (169). 


R^2H 

*/ 

1  H 

504a: 
504b: 

R-1 — H  f  R2—CH3 
R^=CH3  f  R2=H 

505a:  R1=H,  R2=CH3 
50  5b:  R^cm,  R2=H 

Figure  5-3:  Intramolecular  cycloaddition  with  retention  of 
stereochemistry  of  the  dipolarophile.  Reagents  and  condi- 
tions: i:  MeNHOH. 
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vinick  and  coworkers  have  reported  a  particularly  useful 
application  of  intramolecular  cycloaddition  (158),  where 
three  contiguous  stereocenters  are  constructed  in  a  cyclopen- 
tane  ring  in  a  single  step  507 a, b,  Figure  5-4.  The  thermo- 
dynamically  stable  compound  was  formed,  which  was  the  one 
with  the  less  bulky  group  in  the  more  sterically  congested 
endo  position. 


Figure  5-4:  Intramolecular  cycloaddition  with  the  creation 
of  three  contiguous  stereocenters .  Reagents  and  conditions : 
i:  MeNHOH 

Although  most  of  the  examples  of  intramolecular  cycload- 
dition give  cis  fused  product  examples  of  trans  fused 
products  also  have  been  reported  (159). 

Furthermore,  a  few  examples  have  been  reported,  where 
the  products  of  cycloadditions  were  the  bridged  cycloadducts 
(160,161).  With  508,  Figure  5-5,  when  only  one  of  the 
substituents  in  Ri,  R2,  R3  or  R4  was  methyl  the  product 
observed  was  509,  Figure  5-5,  but  when  Ri=R2=Me  the  product 
observed  was  510,  Figure  5-5,  the  bridged  product.  The 
presence  of  methyl  groups  at  R\  and  R2  causes  strong  eclipsing 
interactions   in  the  transition  state  leading  to  the  fused 
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506a:  R=CH3 
506b:  R=SCH3 


507a:  R=CH3 
507b:  R=SCH3 
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product,  allowing  the  pathway  to  the  bridged  product  510  to 
compete  with  formation  of  509. 


Figure  5-5:  Intramolecular  cycloaddition  with  a  bicyclo 
bridged  product. 

LeBel  and  coworkers  have  significantly  extended  the 
scope  of  intramolecular  cycloadditions  synthesizing 
norbornene,  tropanone  and  fused  tricyclic  rings  using 
intramolecular  cycloadditions  (162-164). 

Finally  Oppolzer  and  coworkers  have  carried  out  a  series 
of  cycloadditions  using  nitrones  and  alkenes  separated  by  an 
aromatic  ring  and  a  heteroatom,  511,  513,  515,  518,  521, 
Figure    5-6,  (170-172). 

The  nitrone  anion  cycloadditions  studied  in  this  chapter 
have  been  modeled  on  the  nitrones  used  by  Oppolzer  and 
coworkers .  The  ease  of  assembling  these  nitrones  and  the 
flexibility  this  system  affords  are  some  of  the  reasons  that 
make  these  systems  attractive.  More  about  these  nitrones  will 
be  discussed  later. 
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Figure  5-6:  Intramolecular  cycloaddition  using  an  aromatic 
ring  as  the  linker. 

Intramolecular  Cycloadditions  of  Nitrones  in  Natural  Products 
Syntheses 


The  use  of  intramolecular  cycloadditions  of  nitrones  in 
alkaloid  synthesis  has  been  studied  extensively  (157,165- 
168).  The  most  famous  example  of  the  intramolecular  cycload- 
dition of  a  nitrone  is  probably  Tufariello's  synthesis  of  dl- 
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cocaine  526,  Figure  5-7,  (165,168).  The  key  step  in  this 
synthesis  utilizes  the  intramolecular  cycloaddition  of  a 
nitrone  with  an  alkene  to  assemble  the  tropane  ring. 


Figure  5-7:  Tufariello's  synthesis  of  dl -cocaine.  Reagents 
and  conditions:  i:  Zn,  H+. 

Intramolecular  Cycloadditions  of  Azaallyl  Anions 

While  there  are  several  examples  of  intramolecular 
cycloaddition  of  nitrones  including  a  wide  range  of  applica- 
bility and  functionalities,  the  examples  in  azaallyl  anions 
are  fewer  and  generally  tolerate  very  few  functionalities. 
Most  of  the  examples  reported  have  only  phenyl  or  alkyl 
substituents . 
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Although  the  azaallyl  anion  is  not  a  dipole  as  defined 
by  Huisgen  ( i2 ) ,  it  behaves  as  the  4;t-electron  partner  in  a 
[>4s+jt2s]  cycloaddition.  The  first  example  of  an  azaallyl 
anion  cycloaddition  was  reported  by  Kauffmann  (52).  The  first 
example  of  an  intramolecular  cycloaddition  of  an  azaallyl 
anion  was  the  formation  of  528  Figure  5-8,  (56).  Also, 
metalloaziridines,  like  the  one  formed  from  529,  can  ring 
open  to  give  an  azaallyl  anion  which  can  undergo  a  cycloaddi- 
tion, Figure  5-8,  (27).  Cycloadditions  from  the  ring  opening 
of  metalloaziridines  generally  require  harsher  conditions. 


H 


529  530 


Figure  5-8:  Intramolecular  cycloadditions  of  azaallyl 
anions.  Reagents  and  conditions:  i:  a)  LDA,  THF,  RT.  b)  H2O, 
ii:  nBuLi,  PhH,  0  to  110  °C. 

As  discussed  earlier,  71a, b,  Figure  1-17,  azaallyl  anions 
dimerize  and  they  have  a  tendency  to  cyclorevert  back  to  the 
anionic  form.  It  was  found  that  the  imidazolidine  531, 
Figure  5-9,  could  cyclorevert  in  basic  conditions,  and  then 
undergo  intramolecular  cycloaddition  (27).  The  interesting 
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observation  in  this  new  route  was  the  stereochemistry  of  the 
products  formed  by  the  intramolecular  cycloaddition  of  the 
cycloreversed  azaallyl  anion,  which  was  the  opposite  of  that 
formed  by  the  azaallyl  anion  from  52  7,  Figure  5-9. 
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Figure  5-9:  Intramolecular  cycloadditions  of  azaallyl 
anions.  Reagents  and  conditions:  i:  a)  nBuLi,  THF,  RT.  b) 
H20,  ii:  a)  LDA,  THF,  RT.  b)  H20, 

Finally,  transmetallation  offers  the  mildest  conditions 
under  which  azaallyl  cycloadditions  can  take  place  (57,58). 
Azaallystannanes ,  like  53  3,  Figure  5-10,  can  be  transmetal- 
lated  at  very  low  temperatures  and  these  quickly  undergo 
cycloaddition  reactions.  This  is  also  a  rare  example  of  an 
unstabilized  azaallyl  anion  undergoing  a  cycloaddition 
reaction. 
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Figure  5-10:  Intramolecular  cycloadditions  of  azaallyl 
anions.  Reagents  and  conditions:  i:  nBuLi,  THF,  -78  °C. 


The  system  designed  for  nitrone  anion  cycloadditions 
was  similar  to  that  studied  by  Oppolzer  and  coworkers, 
Figure  5-6.  The  dipole  and  dipolarophile  were  connected  by 
an  aromatic  ring.  A  series  of  nitrones  were  synthesized  from 
salicylaldehyde.  Salicylaldehyde  was  the  choice  for  the 
starting  material,  due  to  the  proximity  of  the  two  functional 
groups,  aldehyde  and  hydroxyl.  This  system  afforded  easy 
assembly  of  a  variety  of  nitrones.  Targets  were  designed  to 
study  the  effects  of  substituents  on  the  dipolarophile  and 
the  effects  of  varying  the  stability  of  the  nitrone  anion 
dipole.  It  has  been  previously  noted  that  the  stability  of 
the  nitrone  anion  has  a  large  impact  on  the  yields  of  the 
cycloadditions  in  intermolecular  cycloaddition. 

Additionally,  the  aldehyde  is  ideally  situated  on  an 
aromatic  ring,  hence  there  are  no  enolizable  protons  in  its 
nitrone  derivative.  The  presence  of  an  enolizable  alpha 
proton  may  cause  the  nitrone  to  be  quenched  upon  deprotona- 
tion  as  discussed  before,  104,    Figure  1-25. 


Results  and  Discussion 
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The  synthesis  was  carried  out  by  derivatizing  the 
hydroxyl  functionality  first,  followed  by  assembling  the 
nitrone  part  of  the  molecule.  Compounds  5  37  and  5  3  8,  Figure 
5-11,  were  synthesized  from  the  corresponding  bromoalkene 
with  salicylaldheyde  (179).  This  was  achieved  by  refluxing  in 


CHO 


Br 


535 


536 


,CHO 


537:  X  =  H,  94% 
538:  X  =  Ph,  98% 


541:  X  =  H,  96% 
542:  X  =  Ph,  71% 


Figure  5-11:  Synthesis  of  nitrones.  Reagents  and  conditions: 
i:  K2CO3,  acetone,  reflux,  ii:  a)  MeNHOH.HCl,  NaOH,  water,  b) 
ethanol.  iii:  PhCH2NHOH.HCl,  TEA,  CH2CI2. 


dry  acetone,  in  the  presence  of  anhydrous  potassium  carbon- 
ate. Compound  537  was  afforded  in  94%  yield  and  538  was 
obtained  in  98%  yield.  Both  537  and  538  were  condensed  with 
hydroxy lamines  to  give  the  desired  nitrones.  The  hydroxy- 
lamines  were  first  converted  to  their  free  base  forms  from 
their  hydrochloride  salts  while  the  W-benzyl  hydroxylamine 
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hydrochloride  is  neutralized  using  triethlyamine ,  The  N- 
raethyl  hydroxy lamine  hydrochloride  is  neutralized  using  20% 
sodium  hydroxide. 

The  methyl  nitrones  53  9  and  5  40,  Figure  5-11,  were 
synthesized  by  stirring  the  reactants  in  water  first, 
followed  by  the  addition  of  ethanol.  The  methyl  hydroxy lamine 
is  soluble  only  in  water,  and  therefore,  as  has  been 
previously  noted,  water  is  essential  as  a  solvent  for  the 
condensation  reaction  to  go  through.  Compound  539  was 
isolated  with  a  yield  of  97%  and  5  40  was  isolated  with  a 
yield  of  62%.  The  condensation  with  the  benzyl  hydroxylamine 
on  the  other  hand  was  carried  out  in  methylene  chloride. 
Compound  541  was  isolated  with  a  yield  of  96%  and  542  was 
isolated  with  a  yield  of  71%. 

Next  in  the  series  of  these  intramolecular  cycloaddi- 
tions,  the  precursors  chosen,  were  more  activated  olefins. 
Compound  5  44,  Figure  5-12,  was  synthesized  by  refluxing 
cinnamoyl  chloride  with  salicylaldehyde  in  pyridine  (180). 
The  yields  were  modest  as  the  reaction  conditions  were 


535  543 

544,  41% 

Figure  5-12:  Synthesis  of  the  activated  intramolecular 
precursor.  Reagents  and  conditions:  i:  Pyridine,  reflux. 
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harsh,  and  the  compound  5  44  was  unstable  under  these  reaction 
conditions.  In  the  synthesis  and  use  of  5  44  it  was  observed 
that  the  newly  formed  ester  linkage  was  very  scissile  as  both 
salicylaldehyde  and  the  corresponding  nitrone  derivative  5  49, 
Figure    5-14,  were  excellent  leaving  groups. 

Attempts  to  isolate  the  nitrone  545,  Figure  5-13, 
proved  to  be  unsuccessful.  It  was  found  that  the  nitrone  5  45 
immediately  underwent  cycloaddition  to  form  the  isoxazolidine 
compound  5  46,  Figure  5-13.  The  extremely  reactive  nature  of 
the  olefin  in  5  45  causes  the  nitrone  to  cyclize  under  the 
reaction  conditions.  The  solvent  of  the  reaction  has  to  be 
water  and  this  does  not  allow  the  reaction  to  be  cooled  below 
0  °C,  which  may  prevent  the  cyclization.  The  next  nitrone  in 
this  series  was  obtained  by  reacting  5  44  with  free  benzyl 
hydroxylamine,  obtained  by  neutralizing  its  hydrochloride 
salt  with  triethylamine . 


Figure  5-13:  Spontaneous  cyclization  of  nitrone  to  an 
isoxazolidine.  Reagents  and  conditions:  i:  MeNHOH.HCl,  NaOH, 
water . 

Unlike  546,    Figure    5-13,    the   desired  nitrone  547, 
Figure    5-14,   was  obtained  without  any  significant  cycliza- 
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tion  to  the  isoxazolidine  product.  The  yields  were  again  low 
due  to  the  tendency  of  the  ester  linkage  to  fall  apart. 
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Figure  5-14:  Synthesis  of  nitrones  with  highly  activated 
dipolarophiles .  Reagents  and  conditions:  i:  PhCH2NHOH.HClf 
TEA,  CH2C12. 


The  cyclic  isoxazolidine  was  also  observed  with  540, 
Figure    5-11,  to  a  small  extent  upon  standing  in  solution. 
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*The  tail  of  the  arrow  reperesents  the  proton  irradiated  and  the  head 
represents  the  proton  enhanced. 


Figure    5-15:  NOE  performed  on  the  nitrones 
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The  difference  in  the  stabilities  of  the  nitrones,  547  being 
more  stable  than  545  led  us  to  investigate  the  stereochem- 
istry about  the  nitrone  bond.  This  had  implications  in  the 
reactivity  of  the  nitrones  in  the  anion  cyclizations . 

It  was  hypothesized  that  an  ^-geometry  in  545  would  lead 
it  to  undergo  cycloaddition  more  readily  than  5  47,  if  5  47 
was  in  the  Z-geometry.  The  Z-  form  would  have  to  isomerize  to 
the  E-  form  before  undergoing  cycloaddition  to  form  an 
isoxazolidine .  NOE  experiments  were  conducted  on  all  the 
isolated  nitrones.  In  all  the  nitrones,  Ha  was  a  singlet 
around  8.0  ppm  and  very  few  aromatic  protons  were  close  to 
this  proton.  Additionally,  in  most  of  the  above  nitrones,  Hb 
was  quite  isolated,  at  around  4.0  ppm.  Z-stereochemistry  was 
established  for  all  the  nitrones  based  on  the  enhancements 
observed  (Figure  5-15).  Compound  540,  which  showed  a 
tendency  to  cyclize  was  also  in  the  Z-  stereochemistry, 
indicating  that  the  nitrone  can  isomerize  in  solution.  The 
established  Z-  stereochemistry  was  well  suited  to  our  desired 
nitrone  anion  eye loaddit ions . 

Intramolecular  Cycloadditions  of  Unactivated  Dipolarophiles 

The  first  nitrone  to  be  studied  was  53  9,  Figure  5-16. 
It  was  observed  that  under  the  usual  conditions  of  cycloaddi- 
tion, THF  as  the  solvent,  at  a  low  temperature  range  of  -50 
°C  to  -20  °c,  the  cycloaddition  did  not  occur  and  decomposed 
starting  material  was  recovered. 
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Figure  5-16:  Intramolecular  cycloadditions  of  nitrone  anions 
with  unactivated  dipolarophiles .  Reagents  and  conditions:  i: 
NaHMDS ,  -  40°C  and  room  temperature,  THF. 

The  olefinic  protons  were  still  present  at  the  end  of 
the  reaction.  The  reaction  was  repeated  under  higher  tempera- 
tures, warming  the  reaction  to  room  temperature  before 
workup,  but  these  conditions  still  failed  to  yield  the 
desired  product.  Compound  539  did  not  possess  the  desired 
stabilization  of  the  anion  or  suitable  activation  of  the 
dipolarophile,  so  the  failure  was  not  unexpected  based  on 
observations  in  intermolecular  cycloadditions. 

The  nitrone  studied  next  was  541,  Figure  5-16,  to 
observe  the  effect  of  increased  nitrone  anion  stabilization. 
The  additional  resonance  stabilization  provided  by  a  second 
aromatic  ring  should  extend  the  lifetime  of  the  nitrone 
anion.  The  deprotonation  of  541  did  not  produce  any 
cycloadducts ,  despite  warming  the  reaction  upto  room  tempera- 
ture. The  reaction  mixture  was  fairly  complicated,  but  mass 
spectrometric  analysis  showed  the  presence  of  a  dimer.  It 
was    therefore  clear  that  completely  unactivated  olefins 
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cannot  undergo  intramolecular  cycloadditions ,  especially 
considering  the  results  from  the  cyclization  of  541.  The 
diphenyl  substituted  dipole  being  the  most  successful  form  of 
the  dipole  for  intermolecular  cycloadditions,  as  seen  in  the 
previous  chapters  with  nitrone  anions  and  as  reported  for 
azaallyl  systems  (52,53). 

Cycloadditions  of  Moderately  Activated  Dipolarophile 
Compounds 

Compound  540,  Figure  5-17,  was  subjected  to  the  usual 
reaction  conditions  of  -40°C,  and  stronger  condition  of 
stirring  up  to  room  temperature.  These  conditions  did  not 
yield  the  desired  pyrrolidine  ring.  As  discussed  before,  5  40 
undergoes  some  cycloaddition  to  give  the  isoxazolidone  552 
upon  standing  in  solution.  Compound  552  has  been  synthesized 
by  Opppolzer  and  coworkers  (556c),  Figure  5-18,  and  the 
stereochemistry  was  assigned  based  on  the  crystal  structure 
of  an  analogous  compound  (170). 

Oppolzer  and  coworkers  studied  a  series  of  intramolecu- 
lar cycloadditions  that  included  a  nitrone  and  an  alkene 
separated  by  a  benzene  ring  and  a  heteroatom  (170-172).  The 
series  of  compounds  studied  were  555a- f.  The  compounds  were 
refluxed  in  toluene,  so  the  nitrones  were  never  isolated  and 
their  stereochemistry  never  studied.  The  generic  representa- 
tion of  these  nitrones  in  the  paper  and  a  subsequent  review 
was  the  E-  stereochemistry  (170-172,66).  In  at  least  two 
instances,  5  5  5a  and  5  5  5c,  we  know  the  stereochemistry  is  Z- 
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based  on  our  NOE  difference  experiments,  Figure  5-15.  In  the 
above  study,  a  single  crystal  X-ray  structure  of  556e  was 
obtained  which  showed  the  newly  formed  ring  to  be  cis-fused. 
This  was  used  to  assume  all  the  cycloadducts  were  cis  fused. 


553  557 

J2_3  9.3  Hz  7.7  Hz 

J3-3a  10'5    Hz  8'°  Hz 

J3a-9b  7-5    Hz  9'1  Hz 


Figure  5-17:  Intramolecular  eye loaddit ions  of  nitrone  anions 
with  moderately  activated  dipolarophiles .  Reagents  and 
conditions:  i:  Standing  at  room  temperature,  THF.  ii:  NaHMDS, 
-40  °C,  N2.  bubbled  through,  THF. 
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555 

555a:    R=H,  R'=H 
555b:   R=CH3,  R'=H 
555c:    R=C6H5,  R*=E 
555d:   R=CoJie,   R'  = 
555e:   R=CH2C1,   R'  = 
555£:   R=H,    R'=  CH 


Figure  5-18:  Intramolecular  eye loaddit ions  of  nitrones . 
Reagents  and  conditions:  i:  MeNHOH,  Toluene,  110°C. 

Another  point  illustrated  in  this  study  was  the  differ- 
ence in  the  products  of  cycloaddition  with  the  cis  allyl 
compound  555f  and  the  trans  allyl  compound  555b.  This 
indicated  the  intramolecular  cycloaddition  in  these  systems 
is  a  concerted  process. 

The  compound  studied  next,  5  42,  Figure  5-17,  seemed  to 
have  the  right  combination  of  reactivity  and  stability  for 
the  nitrone  anion  and  activation  and  stability  of  the 
dipolarophile,  leading  to  the  formation  of  the  tricyclic 
compound  5  53.  Under  initial  reaction  conditions,  where  none 
of  the  solvents,  workup,  or  extraction  media  were  degassed, 
the  yield  was  exclusively  the  oxidized  form  of  product,  the 
nitrone  5  5  4.  When  the  reaction  was  repeated  with  all  the 
solvent  and  workup  and  extraction  media  being  degassed  553 
was  isolated,  with  about  27%  of  5  54.  Compound  553  in  dry 
form  under  nitrogen  stayed  fairly  stable.  Oxidation  was  not 
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Me 


556 

556a:  R=H,  R'=H 

556b:  R=CH3,  R'=H 

556c:  R=C6H5,  R'=H 

556d:  R=C02Me,  R'=H 

556e:  R=CH2C1,  R'=H 

556f:  R=H,    R'=  CH3 


119 


appreciable  by  NMR  after  purification  by  column  chromatogra- 
phy, but  the  sample  degenerated  when  left  in  a  NMR  tube 
overnight,  showing  presence  of  some  5  5  4. 

The  stereochemistry  of  5  53  was  tentatively  assigned 
based  on  a  comparison  to  a  very  similar  compound  synthesized 
by  Kanemasa  and  coworkers,  557,  Figure  5-17  (181).  The 
protons  at  the  ring  fusion  are  very  likely  to  be  cis  for  553, 
the  same  as  for  557.  The  coupling  constants  about  the 
corresponding  ring  protons  9b-3a  in  5  53  and  5  57,  Figure  5- 
17,  were  within  2  Hz.  The  coupling  constants  for  the  other 
pyrrolidine  ring  protons  were  also  in  the  same  range,  Figure 
5-17.  Thus  the  stereochemistry  for  553  was  assigned  to  be 
the  same  as  5  57.  It  must  be  re-emphasized  that  this 
assignment  is  tentative. 

The  regiochemistry  of  554  was  determined  by  using  a 
combination  of  HMQC,  heteronuclear  multiple  quantum  coherence 
experiment  and  HMBC  heteronuclear  multiple  bond  coherence 
experiments  (117-121).  HMQC  assigned  the  non-aromatic  region 
of  the  spectrum  completely,  as  shown  in  Figure  5-19.  The  HMBC 
is  a  variation  of  the  HMQC,  where  the  main  proton  to  carbon 
connectivities  are  suppressed,  instead  two  or  three  bond 
connectivities  are  observed. 

The  first  step  in  resolving  the  structure  of  554  was  to 
assign  the  nitrone  carbon.  In  554  there  were  two  candidates 
for  the  nitrone  carbon,  155.4  ppm  and  140.3  ppm.  In 
salicylaldehyde  derivatives,  usually,  the  carbon  attached  to 
the  hydroxide  is  observed  around  150  ppm.  Additional  evidence 
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Figure  5-19:  HMQC  of  516.  (The  peak  at  the  upper  left 
corner  of  the  spectra  is  a  doublet,  the  other  crosspeak  has 
been  cut  off) . 


evidence  was  obtained  by  two  and  three  bond  cross  peaks. 
There  are  only  two  aromatic  protons  in  the  compound  which  at 
once  have  both,  an  integration  of  one  proton  and  are 
doublets.  Both  of  these  belong  on  the  salicylaldehyde  ring. 
Their  peaks  at  6.89  ppm  and  7.87  ppm  were  clear  and  separated 
from  other  signals.  The  proton  at  6.89  ppm  had  a  connectivity 
to  the  carbon  at  155.4  ppm.  This  carbon  also  had 
connectivities  to  the  two  geminal  diastereotopic  protons. 
Thus  the  carbon  at  140.3  ppm  was  assigned  to  the  nitrone 
carbon.  The  proton  at  5.35  ppm  showed  connectivity  to  the 


121 


carbon  at  140.3  ppm,  and  the  carbon  at  140.3  ppm  had 
connectivity  to  the  aromatic  protons  at  8.18  ppm.  All  of 
these  connectivities  were  cross  checked  to  prove  the 
structure  of  the  compound  as  shown  in  Figure  5-20. 


Figure    5-20:  Connectivities  observed  in  HMBC  for  554. 
Cycloadditions  of  Highly  Activated  Dipolarophiles 

In  the  course  of  the  synthesis  of  precursors  for  the 
intramolecular  cycloaddition  study,  we  found  the  nitrones 
selected  for  the  moderately  or  unactivated  nitrones,  were  the 
same  nitrones  or  very  similar  nitrones  that  had  been  studied 
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for  the  old  nitrone  cycloadditions  to  form  isoxazolidines 
(170-172).  Similar  types  of  systems,  using  the  aromatic  ring 
to  connect  the  dipole  to  the  dipolarophile,  were  studied  in 
other  intramolecular  cycloadditions.  Grigg's  metallo  azaallyl 
systems  with  imines  of  a-amino  acids  (173,174)  and  similar 

azomethine  ylide  cycloadditions  (175-178)  are  a  few  such 
examples.  Strangely  however,  systems  similar  to  the  highly 
activated  systems  we  propose  545,  Figure  5-13,  547  Figure 
5-14,  connecting  the  olefin  to  the  salicylaldehyde  ring 
through  an  ester  linkage,  has  never  been  studied  before  in 
any  of  these  intramolecular  dipolar  cycloadditions.  As  noted 
earlier  5  45,  Figure  5-14,  was  too  reactive  to  be  isolable 
and  only  the  isoxazolidine  product  of  cycloaddition  was 
obtained.  Compound  5  47  was  subjected  to  the  usual  reaction 
conditions  and  only  the  hydrolysis  products  of  the  reaction 
were  isolated.  This  is  not  too  surprising  given  the  tendency 
of  this  molecule  to  fall  apart  at  the  ester  linkage  through- 
out its  synthesis. 


Figure  5-21:  Intramolecular  cycloadditions  of  nitrone  anions 
with  activated  dipolarophiles .  Reagents  and  conditions:  i: 
NaHMDS ,   -  4  0°C,  THF. 
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The  highly  reactive  nature  of  this  compound  makes  it 
very  unstable  in  basic  conditions.  This  is  perhaps  the  reason 
these  systems  have  not  been  studied  in  other  dipolar  cycload- 
ditions . 

Conclusions 

The  series  of  nitrones  studied  indicate  the  scope  and 
limitations  of  this  methodology.  The  first  successful  example 
of  an  intramolecular  cycloaddition  of  nitrone  anions  was 
observed.  This  cycloaddition  was  achieved  with  only  moderate 
activation  of  the  double  bond.  It  was  seen  that  there  is 
still  a  tendency  of  the  nitrones  to  dimerize.  The  conditions 
required  for  successful  intermolecular  cycloadditions  hold 
true  in  the  case  of  intramolecular  cycloadditions  also,  like 
the  need  for  good  resonance  stabilization  of  the  nitrone 
anion  and  the  need  for  the  dipolarophiles  to  be  stable  in 
basic  conditions.  It  is  also  important  to  avoid  the  presence 
of  any  base  labile  linkages  in  the  intramolecular  systems, 
other  than  the  nitrone  itself. 


CHAPTER  6 
FUTURE  WORK 


Many  of  the  questions  about  the  reactivity  and  utility 
of  nitrone  anions,  which  prompted  this  investigation,  have 
been  answered.  We  know  the  nitrone  anion  is  a  useful  dipole 
and  can  undergo  cycloaddition  reactions.  However,  in  the 
course  of  these  investigations,  several  other  interesting 
questions  have  risen  which  bear  future  examination.  One  such 
question  is  the  mechanism  of  the  cycloaddition.  While  both 
the  E-  and  the  Z-  isomers  of  the  sulfone  dipolarophile  yield 
very  similar  products,  thereby  implying  a  step  wise 
mechanism,  the  isolation  of  an  acyclic  intermediate  would  be 
more  concrete  evidence.  While  preliminary  attempts  at  this 
isolation  have  proven  unsuccessful,  a  dipolarophile  can  be 
envisioned  where  the  intermediate  anion  could  be  trapped.  A 
good  leaving  group  substituent  p  to  the  carbonyl   group  in 

methyl  cinnamate  may  acheive  this  by  undergoing  an 
elimination  preferentially  over  cyclization.  NMR  experiments 
on  the  nitrone  anion  itself  could  help  explain  the  difference 
in  product  distribution  with  the  change  of  the  counter  ion  of 
the  base  used  for  deprotonation .  If  the  technical 
difficulties  in  such  an  experiment  are  overcome,  one  could 
observe  if   the  stereochemisty  of   the  nitrone   anions  are 
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different  with  sodium  as  the  counter  ion  versus  lithium  as 
the  counter  ion. 

In  the  cyclizations  with  unstabilized  nitrones,  like  n- 

methyl-a-tert-butoxycarbonyl  nitrone,    one    of    the  major 

problems  seemed  to  be  polymerization  of  the  dipolarophiles , 
due  to  the  strong  basic  conditions  of  the  reaction.  Other 
systems,  involving  cycloadditions  with  an  anion,  like 
azaallyl  anions,  generate  the  azaallyl  anion  by  desilylation 
of  the  corresponding  imine  (27).  Similarly,  nitrones  suitably 
substituted  with  silyl  groups  a  to  the  nitrogen,  can  be  used 

to  generate  the  nitrone  anion  by  addition  of  a  fluoride  salt. 
These  conditions  would  be  much  milder  than  the  use  of  a 
strong  base. 

Obviously,  cyclizations  of  cyclic  nitrone  anions  is  the 
area  that  needs  the  most  attention.  Initial  attempts  at 
cycloaddition  indicate  the  need  for  a  stabilization  of  the 
nitrone  anion  in  the  cyclic  nitrone.  One  possible  substituent 
is  the  sulfone  group,  as  it  can  provide  the  required 
stabilization  and  can  be  later  removed  from  the  cycloadduct 
(s4-s6).  Another  possible  route  to  the  substituted  tropanes 
from  nitrone  anion  cycloaddition  is  the  intramolecular 
cycloaddition.  The  dipolarophile  can  be  tethered  via  an  ether 
linkage  a  to  the  carbon  of  the  nitrone  group.   This  would 

serve  the  dual  purpose  of  preventing  the  conversion  of  the 
nitrone  to  an  hydroxy  enamine  and  provide  a  base  stable  link 
for  the  nitrone  anion  cycloaddition. 
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Finally,  intramolecular  cycle-addition  of  nitrone  anions 
is  the  most  promising  area  for  development  of  this  chemistry. 
Of  the  future  work  in  this  area,  a  crystal  structure  of  the 
cycloadduct  553,  Figure  5-17,  from  the  successful 
intramolecular  reaction  would  be  useful  to  assign  the 
stereochemistry  of  the  product.  From  the  observations  in  the 
intramolecular  nitrone  anion  cycloadditions ,  a  moderately 
activated  dipolarophile  can  undergo  cycloadditions.  Even 
within  the  system  used  in  this  study,  several  variations  of 
the  activating  groups  should  produce  cycloadducts .  These 
studies  can  be  used  to  gain  an  understanding  of  the 
reactivity  of  the  nitrone  anion.  The  question  of  the 
mechanism  of  intramolecular  cycloadditions  is  an  intriguing 
one.  If  indeed  it  is  a  step  wise  mechanism,  like  the 
intermolecular  cycloadditions,  the  reaction  would  be  an 
unusual  case  of  addition  to  a  weak  Michael  acceptor  like 
styrene.  If  on  the  other  hand  the  reaction  is  concerted,  that 
result  is  also  interesting  as  the  nitrone  anion  cycloaddition 
would  offer  a  case  where  the  inter  and  intramolecular 
cycloadditions  follow  different  mechanisms.  Additionally,  if 
the  intramolecular  cycloaddition  is  concerted,  then  there  are 
useful  implications,  like  stereocontrol  of  the  products  of 
cycloadditions . 

One  of  the  exploratory  investigations  with  this 
chemistry  that  seems  promising  is  in  the  field  of  solid  phase 
synthesis.  Securing  the  nitrone  to  a  solid  support  would 
solve  the  problem  of  dimerization  of  the  anion.  This  would 
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then  afford  flexibility  in  the  reaction  conditions  under 
which  the  cyclizations  can  be  attempted.  The  order  of  the 
addition  of  the  base  and  the  dipolarophile  can  be  varied  and 
the  reaction  could  be  warmed  up  to  higher  temperatures,  a 
library  of  cycloadducts  can  be  easily  constructed  similar  to 
the  library  of  ACE  inhibitors  (107). 

Finally,  the  nitrone  anion  represents  an  extension  in 
the  classification  of  dipoles  as  defined  by  Huisgen.  It  is 
both  a  dipole  and  possesses  a  net  negative  charge.  It  is 
fascinating  to  speculate  about  the  possibility  of  generating 
other  such  dipoles  with  a  net  negative  charge  from  the 
existing  list  of  dipoles,  Figure  1-4.  Azomethine  imines  are 
one  such  example  where  a  suitably  substituted  central 
nitrogen  can  yield  an  N-amino  substituted  pyrrolidine  ring 
(182).  Thus,  the  success  of  the  nitrone  anion  cyclizations 
makes  it  tempting  to  attempt  these  new  reactions. 


CHAPTER  7 
EXPERIMENTAL 

Materials,  Instruments  and  Methods 

Boc8-Lys4-Lys2-Lys-p~ala-PAM  resin  was  purchased  from 
nova-biochem  and  used  without  further  purification. 
Norcocaine,  bovine  serum  albumin  (BSA)  and  keyhole  limpet 
haemocyanin  (KLH)  were  a  gift  from  Dr.  Steve  Roberts,  center 
for  toxicology,  University  of  Florida.  All  radioactive 
experiments,  coupling  to  BSA  and  KLH  and  dialysis  work  were 
also  performed  at  the  center  for  toxicology  with  the  kind 
assistance  of  John  Munsen.  All  other  reagents  were  obtained 
from  Aldrich  Chemical  Co.  or  Fisher  Scientific  and  were  used 
without  further  purification  unless  otherwise  specified. 
Tetrahydrofuran  (THF)  and  diethyl  ether  (Et20)  were  distilled 
from  sodium/benzophenone  prior  to  use,  and  used  immediately. 
Methanol  (MeOH)  was  distilled  from  magnesium  prior  to  use. 
Chloroform  (CHC13),  dichloromethane  (CH2C12),  acetonitrile 
(CH3CN),  and  dimethyl  formamide  were  distilled  from  calcium 
hydride  prior  to  use.  Triethylamine,  benzyl  amine,  and 
pyridine  were  distilled  from  potassium  hydroxide  prior  to 
use.  zinc  powder  was  freshly  activated  by  the  acid  treatment 
(183)  and  used  within  a  few  hours.  Analytical  thin  layer 
chromatography  (TLC)  analysis  was  performed  on  Whatman  silica 
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gel  60  A  F-254  nm  plates  with  polyester  backing  and 
visualized  with  a  Mineralight  model  UVG-54  shortwave  UV  lamp 
at  254  nm,  or  by  charring  with  (A)  4%  ninhydrin  in  ethanol  or 
(B)  aqueous  eerie  sulfate/sulfuric  acid  solution.  Column 
chromatography  was  performed  on  DavisilR  silica  gel  (Fisher) 
60  A;  200-425  Mesh,  using  standard  flash  methods  (184), 
unless  otherwise  indicated.  Melting  points  were  obtained 
using  a  Fisher- Johns  Melting  Point  Apparatus  and  are 
uncorrected.  pH  4,  7,  and  10  buffer  solutions  were  obtained 
from  Fisher  Scientific.  pH  measurements  were  recorded  using  a 
ORION  Model  2  50A  pH  Meter  and  a  Mettler  Toledo  Process 
Analytical,  Inc.  Model  6030-M3/180/1M/BNC  pH  electrode.  IR 
spectra  were  recorded  on  a  Perkin-Elmer  1600  FTIR 
spectrophotometer.  Optical  rotations  were  determined  at 
ambient  temperature  using  a  Perkin-Elmer  241  polarimeter, 
using  a  water-cooled  1  dm  cell.  Lypholizations  were  done  on 
a  Labconco  Lyph-Lock  6  Freeze  Dry  System  at  -50  °C  and  10^  or 

lower  pressure.  :H  NMR  and  13C  NMR  spectra  were  recorded  at 
300  or  5  00  MHz  with  a  Varian  VXR-300  spectrometer,  a  Gemini- 
300  spectrometer,  or  a  Varian  Unity-500  spectrometer,  using 
deuterated  chloroform  /  0.3%  TMS,  deuterium  oxide  with  DSS  or 
DMSO-d6,  acetone-d6,  or  methanol^ .  All  the  NOE  difference 
experiments  were  carried  out  on  the  Gemini- 3 00  spectrometer 
and  all  two  dimensional  experiments  were  carried  out  on  the 
Varian  Unity-500  spectrometer. 
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Synthetic  Procedures  and  Chemical  Data  of  Compounds 

N.iV-Dibenzvl  hydroxvlamine  202  (90).  Hydroxylamine 
hydrochloride  (47.6  g,  1.36  mole)  and  sodium  carbonate 
decahydrate  (254.0  g,  2.06  mol)  was  suspended  in  70%  ethanol 
(850  mL)  and  benzyl  chloride  (173.5  g,  1.36  mol)  was  added. 
The  mixture  was  refluxed  for  three  and  a  half  hours  and  then 
allowed  to  cool.  The  mixture  was  extracted  with  ether  (10  x 
100  mL).  The  extracts  were  washed  with  water  and  brine  and 
dried  over  magnesium  sulfate  anhydrous,  and  evaporated  in 
vacuo  to  give  the  desired  white  solid.  The  crude  was 
recrystallized  from  ethanol  to  yield  the  product.  (89.3  g, 
0.42  mol,  32%)  mp  123-124  °C,  !h  NMR  6  (300  MHz,  CDC13):  3.79 
(4  H,  s),  5.82  (1  H,  br,  m) ,  7.20-7.51   (10  H,  m) ,  13C  NMR  6 

(300  MHz,  CDC13):  64.24  (2),  127.56  (1),  128.50  (1),  129.73 
(1),  137.67  (0). 

N-Benzvl-a-phenvl  nitrone  201  (90)  Potassium  ferricyanide 
(4.63  g,  14.1  mmol)  was  dissolved  in  minimum  amount  of  cold 
water  in  a  separating  funnel.  Potassium  hydroxide  pellets 
(0.79  g,  14.1  mmol)  were  added  to  the  solution  and  dissolved. 
N,  W-dibenzyl  hydroxylamine  (1.00  g,  4.69  mmol)  was  added  to 
the  separating  funnel  as  a  solution  in  ether  (10  mL).  The 
mixture  was  shaken  for  10  min,  the  ether  layer  collected.  The 
agueous  layer  was  extracted  further  with  ether  (and  the 
extracts  combined  with  the  original  extract,  the  ether  dried 
and  evaporated  in  vacuo  to  afford  a  pasty  yellow  solid.  This 
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solid  was  purified  by  flash  chromatography  (25%  EA,  75%  pe) 
to  yield  the  desired  nitrone  (0.599  g,  2.83  mmol,  60%).  mp 
82-83  °C.  IR  (CHC13)  2992,  1584,  1454,  1143,  943  cnr* ;  lH  NMR 
d  (300  MHz,  CDCI3):  5.05  (2  H,  s),  7.38-7.51  (9  H,  m) ,  8.23 
(2  H,  m);  13  C  d  (CDCI3)  71.27  (2),  128.45  (1),  128.59  (1), 
128.97  (1),  129.23  (1),  130.45  (1),  133.21  (0).  HRMS  calcd 
for  C14H13NO  (M++1):  212.1070.  Found:  212.1060.  Anal.  Calcd 
for  C14H13NO:  C,  79.59;  H,  6.20;  N,  6.63.  Found:  C,  79.70;  H, 
6.26;  N,  6.56. 

N-(Phenvlethvl)-tt-phenvl  nitrone  203.  To  a  solution  of  N- 
benzyl  a-phenyl  nitrone  (0.100  g,  0.474  mmol)  in  anhydrous 
THF  (10  mL)  at  -65  "C  was  added  a  solution  of  Mel  (0.15  mL, 
2.33  mmol)  in  anhydrous  THF  (5  mL).  The  mixture  was  stirred 
for  10  minutes  and  NaHMDS  (1.0  mL,  1  M  in  THF,  1.0  mmol)  was 
added  over  2  minutes.  The  reaction  mixture  was  allowed  to 
warm  up  to  -50  °C  over  two  hours  and  further  warmed  upto  -10 
°C  in  another  two  hours.  The  reaction  mixture  was  quenched 
with  saturated  ammonium  chloride  and  extracted  with  ethyl 
ether  (3  x  20  mL)  .  The  extracts  were  dried  over  anhydrous 
magnesium  sulfate  and  concentrated  in  vacuo.  The  solid 
obtained  was  purified  by  flash  chromatography  (silica  gel, 
10%  ethyl  acetate  in  petroleum  ether)  yielded  the  substituted 
nitrone  (0.042  g,  0.186  mmol,  40%).  !h  NMR  6  (300  MHz,  CDCI3): 
2.75  (1H,  m),  1.89  (3  H,  d,  J  =  5  Hz),  5.18  (1H,  q,  J  =  5 
Hz),   7.28-7.6   (9  H,   m)  ,   8.23   (2H,  dd,   J  =  3,6  Hz);  NMR  6 

(CDCI3):  19.15  (3),   75.13   (1),   127.23  (1),   128.39  (1),  128.57 
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(1),  128.62  (1),  128.73  (1),  130.16  (0),  130.6  (1),  132.79 
(  1),  132.85  (1  ),  132.91  (  1),  138.65  (0).  HRMS  calcd.  for 
C15H15NO  (M++1):  226.1231.  Found:  226.1222.  Anal.  Calcd  for 
C15H15NO:  C,  79.97;  H,  6.71;  N,  6.22.  Found:  C,  80.19;  H, 
6.78;  N,  6.10. 

N- ( Phenylbutenvl ) -q-phenyl  nitrone  204.  To  a  solution  of  N- 
benzyl-a-phenyl  nitrone  (0.100  g,  0.474  mmol)  in  anhydrous 
THF  (10  mL)  at  -65  °C  was  added  a  solution  of  the  allyl 
bromide  (0.20  mL,  2.37  mmol)  in  anhydrous  THF  (5  mL) .  The 
mixture  was  stirred  for  10  minutes  and  NaHMDS  (1.0  mL,  1  M  in 
THF,  1.0  mmol)  was  added  over  2  minutes.  The  reaction  mixture 
was  allowed  to  warm  up  to  -50  °C  over  two  hours  and  further 
warmed  upto  -10  "C  in  another  two  hours  .  The  reaction  mixture 
was  quenched  with  saturated  ammonium  chloride  and  extracted 
with  ethyl  ether  (3  x  20  mL).  The  extracts  were  dried  over 
anhydrous  magnesium  sulfate  and  concentrated  in  vacuo.  The 
solid  obtained  was  purified  by  flash  chromatography  (silica 
gel,  10%  ethyl  acetate  in  petroleum  ether)  and  the 
substituted  nitrone  (0.043  g,  0.171  mmol,  36%)  was  obtained, 
mp  128-129  °C;  IR  (CHCI3)  3068  w,  2925  w,  1642  w,  1578  w, 
1493  w,  1455  m,  1319  w,  1295  w,  1142  m  cm"1;  !h  NMR  5  (300 
MHz,  CDCI3):  2.75  (1H,  m),  3.35  (1H,  m) ,  4.45  (1H,  dd,  J  =  6, 
8  Hz),  5.1  (1H,  d,  J  =  10  Hz),  5.23  (1H,  d,  J  =  16  Hz),  5.8 
(1H,  m),  7.28-7.6  (9  H,  m) ,  8.23  (2H,  dd,  J  =  3,  6  Hz);  13c 
NMR  6  (CDCI3):  36.87  (2),  79.90  (1),  118.32  (2),  127.61  (1), 
128.33   (1),    128.45   (1),    128.63   (1),    128.67   (1),   130.11  (0), 
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133.5  (  1  )  137  .5  (0  ).  HRMS  calcd.  for  C17H17NO  (M++l): 
252.1310.  Found:  252.1380.  Anal.  Calcd  for  C17H17NO:  C,  81.24; 
H,6.82;  N,  5.57.    Found:  C,  81.59;  H,6.92;  N,  5.33. 

N- { Phenyl- p-bromophenylethyl ) -a-phenyl  nitrone  205.  To  a 
solution  of  N-benzyl-a-phenyl  nitrone  (0.100  g,  0.474  mmol) 
in  anhydrous  THF  (10  mL)  at  -65  °C  was  added  a  solution  of  the 
4-bromobenzyl  bromide  (0.592  g,  2.377  mmol)  in  anhydrous  THF 
(5  mL).  The  mixture  was  stirred  for  10  minutes  and  NaHMDS 
(1.0  mL,  1  M  in  THF,  1.0  mmol)  was  added  over  2  minutes.  The 
reaction  mixture  was  allowed  to  warm  up  to  -50  "C  over  two 
hours  and  further  warmed  upto  -10  "C  in  another  two  hours.  The 
reaction  mixture  was  quenched  with  saturated  ammonium 
chloride  and  extracted  with  ethyl  ether  (3  x  20  mL).  The 
extracts  were  dried  over  anhydrous  magnesium  sulfate  and 
concentrated  in  vacuo.  The  solid  obtained  was  purified  by 
flash  chromatography  (silica  gel,  10%  ethyl  acetate  in 
petroleum  ether)  to  yield  the  substituted  nitrone  (0.088  g, 
0.232  mmol,  48%).  mp  148-150  °C;  IR  (CHCI3)  3066  w,  2931  w, 
1601w,  1564  m,  1488  vs,  1455  s,  1293  m,  1140  s,  1072  s,  1013 
s  cm"1;  lR  NMR  6  (300  MHz,  CDCI3):  3.12  (1H,  dd,  J  =  5.0,  14.0 

Hz),  3.95  (1H,  dd,  J  =  10.0,  14.0  Hz)  5.0  (1H,  dd,  J  =  9.7, 
4.6  Hz)  7.08-7.61  (14  H,  m)  8.15   (2  H,  m) ;   13C  NMR  6  (CDCI3): 

38.31  (2),  81.26  (1),  120.67  (0),  127.61  (1),  128.29  (1), 
128.50  (1),  128.66  (1),  128.93  (1)  130.04  (1),  130.17  (1), 
130.74    (1),    131.35   (1),   131.56   (1),    133.91   (1),   136.73  (0), 
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137.32  (0).  HRMS  calcd.  for  C2iHi8NOBr:  379.0571.  Found: 
379.0571. 

l-Hydroxy-3-methoxvcarbonyl-2 , 4 , 5-triphenvl  pyrrolidine  206. 
A  solution  of  the  E-isomer  of  methyl  cinnamate  (460  mg,  2.84 
mmol)   in   anhydrous   THF    (2   mL)    was   added   to  N-benzyl-a- 

phenylnitrone  201  (200  mg,  0.95  mmol)  in  THF  (10  mL),  and  the 
mixture  was  cooled  to  -50  °C.  The  reaction  was  slowly  warmed 
to  -40  °C  and  NaHMDS  (1.05  mL  of  a  1  M  solution  in  THF,  1.05 
mmol)  was  then  added  drop  wise  via  syringe  over  30  minutes 
such  that  the  reaction  temperature  did  not  exceed  -35  °C. 
After  stirring  at  -35  °C  for  a  further  60  minutes,  the 
mixture  was  quenched  with  saturated  NH4CI  (10  mL),  and  then 
the  aqueous  phase  was  extracted  with  ethyl  ether  (3  x  20  mL). 
The  organic  extracts  were  washed  with  water  (3  x  30  mL)  and 
saturated  brine  (3  x  30  mL),  and  dried  (NaSC>4).  Removal  of 
the  solvent  under  reduced  pressure  gave  the  cyclic  products 
as  a  pale  yellow  oil,  which  was  purified  using  column 
chromatography  (silica,  mobile  phase:  10:90  Et20/petroleum 
ether)  to  give  diastereoisomers  206  (202  mg,  0.54  mmol, 
57%).  mp  186-187  °C;  IR  (CHC13)  3570,  3020,  1735,  1605,  1495, 
1455,  1435,  1170,  930  cm"1;  ^  NMR  (CDC13,  500  MHz)  6  3.07  (3 
H,  s),  3.58  (1  H,  dd,  J  =  10.0,  7.7  Hz),  3.88  (1  H,  dd,  J  = 
10.7,  7.9  Hz),  4.10  (1  H,  d,  J  =  10.0  Hz),  4.65  (1  H,  d,  J  = 
11.0  Hz),  4.83  (1  H,  br.  s),  7.18-7.56  (15  H,  m) ;  13C  NMR 
(CDCI3,    67.5  MHz)   6  51.26    (1),    51.57    (3),    54.33    (1),  72.79 

(1),   78.02    (1),    127.21   (1),   128.03   (1),    128.09   (1),  128.19 
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(1),  128.34  (1),  128.61  (1),  128.84  (1),  138.65  (0),  139.57 
(0),  140.21  (0),  172.17  (0);  MS  (CI:  NH3)  m/z  (relative 
intensity)  374  (MH+,  19),  359  (31),  358  (100),  356  (52),  195 
(  15),  35  (53);  exact  mass  calcd.  for  C24H24NO3  (M++l)  : 
374.1756,  found  374.1754.  Anal.  Calcd  for  C24H23NO3:  C,  77.19; 
H,  6.21;  N,  3.75.  Found:  C,  76.92;  H,  6.25;  N,  3.61. 

l-Hydroxv-3-methoxvcarbonvl-2 , 4 , 5-triphenvl  pyrrolidine  207. 
The  procedure  for  cyclization  with  LiHMDS  as  the  base  was 
identical  to  NaHMDS.  A  solution  of  the  E-isomer  of  methyl 
cinnamate  (470  mg,  2.84  mmol)  in  anhydrous  THF   (2  mL)  was 
added  to  W-benzyl-a-phenylnitrone  201  (200  mg,  0.95  mmol)  in 
THF   (10  mL),   and  the  mixture  was  cooled  to  -50  °C.  The 
reaction  was  allowed  to  warm  up  to  -40  °C  and  LiHMDS  (1.05  mL 
of  a  1  M  solution  in  THF,  10.5  mmol)  was  then  added  drop  wise 
via    syringe    over    30    minutes    such    that    the  reaction 
temperature  did  not  exceed  -35  °C.  After  stirring  at  -35  °c 
for  a  further  60  minutes,   the  mixture  was  quenched  with 
saturated  NH4C1    (10  mL),    and  then  the  aqueous  phase  was 
extracted  with  ethyl  ether  (3  x  20  mL).  The  organic  extracts 
were  washed  with  water  (3  x  30  mL)  and  saturated  brine  (3  x 
30  mL),   and  dried   (MgS04).   Removal  of  the  solvent  under 
reduced  pressure  gave  the  cyclic  products  as  a  pale  yellow 
oil,  which  was  purified  using  flash  chromatography  (mobile 
phase:  10:90  Et20/petroleum  ether)  to  give  a  mixture  of  three 
diastereoisomers  (291  mg,   0.78  mmol,   82%),    206    (21%)  207 
(54%)  and  208    (7%).  These  products  were  further  purified  by 
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column  chromatography  (mobile  phase:  10:90  Et20/petroleum 
ether)  to  isolate  analytical  samples  of  206,  and  207. 
However  2  08  could  not  be  separated  from  207  and  was  analyzed 
as  a  mixture.  207:  mp  121-123  °C;   IR  (CHC13)    a  3680,  3620, 

3570,  3020,  1735,  1605,  1525,  1495,  1455,  1435,  1045,  1030, 
930,   910  cm"1;   XH  NMR  (CDC13,   500  MHz)  d  3.21    (3  H,   s),  4.05 

(1  H,  dd,  J=  10.0,  9.9  Hz),  4.57  (1  H,  dd,  J=  9.9,  8.7  Hz), 
4.73  (1  H,  br.  s),  5.03  (1  H,  d,  J=  8.7  Hz),  5.07  (1  H,  d,  J 
=  10.0  Hz),  6.98-7.52  (15  H,  m) ;  13C  NMR  (CDC13,   67.5  MHz)  6 

46.78  (1),  51.39  (1),  51.82  (3),  70.74  (1),  72.79  (1),  126.64 
(1),  127.19  (1),  127.93  (1),  128.15  (1),  128.23  (1),  128.26 
(1),   128.62   (1),   129.19  (1),   129.47   (1),   136.69   (0),  137.45 

(0)  ,    138.88    (0),    171.94    (0);   MS    (CI:   NH3)    m/z  (relative 

intensity)  374  (MH+,  63),  359  (31),  358  (100),  356  (35),  195 
(16),    35    (66);    exact   mass    calcd.    for    C24H24N03  (M++1): 

374.1756,  found  374.1751.  Anal.  Calcd  for  C24H23N03:  C,  77.19; 
H,  6.21;  N,  3.75.  Found:  C,  76.91;  H,  6.07;  N,  3.61. 
208:   IR  (CHCI3)   3574,    3021    ,    1732,    1603,    1496,    1454,  1437, 
1220,    1170  cm"1;    1H  NMR   (CDCI3,    500  MHz)    6  3.60    (3   H,  s), 

3.60  (1  H,  dd,  J=  8.7,  7.9  Hz),  3.59  (1  H,  s)  3.85  (1  H,  dd, 
J  =  8. 7, 8.7Hz),  4.46  (1  H,  d,  J  =  7.9  Hz),  4.57  (1  H,  d,  J  = 
8.7  Hz),   6.95-7.39   (  15  H,   m) ;    13C  NMR  (CDCI3,    75.5  MHz)  6 

52.1  (3),  54.0  (1),  57.5  (1),  74.1  (1),  77.9  (1),  126.5  (1), 
126.9   (1),   127.2   (1),   127.5   (1),   127.7   (1),   127.8   (1),  127.9 

(1)  ,  128.0  (1),  128.4  (1),  128.6  (1),  138.3  (0),  139.0  (0), 
141.4  (0),  173.8  (0).MS  m/z  (relative  intensity)  373  (M+,  2), 
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211  (14),  194  (100),  178  (6)  115  (11).  HEMS  exact  mass  calc. 
for  C24H23NO3  (M++l)  374.1678  :  found  374.1687. 

£-1- ( phenylsulf ide ) -2-phenvlethene  210  (95).  To  diethyl- 
phenyl  thiomethylphosphate  (5.00  g,  19.2  mmol)  in  anhydrous 
THF  (60  mL)  at  -78  °C  was  added  n-butyllithium  (2.5  M,  7.7 
mLf  19  mmol)  drop  wise  over  5  minutes.  The  mixture  was  warmed 
up  to  0  °C  and  allowed  to  stir  for  20  minutes  and  recooled  to 
-78  °C.  Benzaldehyde  (2.24  g,  21.1  mmol)  was  added  into  the 
reaction  mixture  and  the  solution  warmed  to  0  "c  over  three 
and  a  half  hours.  The  reaction  was  worked  up  with  saturated 
ammonium  chloride  (50  mL)  and  extracted  with  ether  (3  x  50 
mL).  The  combined  extracts  were  dried  over  anhydrous 
magnesium  sulfate  and  concentrated  in  vacuo.  The  crude 
product  was  purified  by  flash  chromatography  (15%  ethyl 
acetate,  85%  petroleum  ether)  to  yield  an  oil  (3.00  g,  14.1 
mmol,  74%).  IR  (CDCI3)  2963.0,  2931.0,  1599.8,  1582.8, 
1363.3,  1223.9  cm"1.  !h  NMR  (CDCI3,  500  MHz)  6.81  (1  H,  d,  J  = 
15.5),  6.96  (1  H,  d,  J=  15.5),  7.27-7.41  (8  H,  m) ,  7.5  (2H, 
m).  13C  nmr  (CDCI3)  123.05,  123.46,  125.89,  126.79,  127.45, 
129.66,  131.47,  131.89,  135.15,  136.39. 

g-1- ( phenylsulf onvl ) -2-phenvlethene  211  (96).  To  the  vinyl 
sulfide  (1.00  g,  4.72  mmol)  in  methylene  chloride  (30  mL)  at 
-78  °C  was  added  MCPBA  (1.79  g,  10.38  mmol)  under  stirring. 
The  mixture  was  stirred  for  10  minutes  and  then  warmed  up  to 
room  temperature  in  about  20  minutes  and  stirred  further  for 
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2  hours.  The  mixture  was  worked  up  by  addition  of  10%  sodium 
sulfite  solution  and  extracted  with  methylene  chloride  (3  x 
40  mL).  The  combined  extracts  were  washed  with  10% 
sodiumbicarbonate,  water,  brine  and  dried  over  anhydrous 
magnesium  sulfate  and  concentrated  in  vacuo  to  yield  an  oil 
(1.14  g,  4.67  mmol,  99%).  *H  NMR  (300  MHz ,  CDCI3)  6.89  (1  H, 
d,  J  =  15.6  Hz),  7.42-7.75  (6  H,  m) ,  7.98  (2  H,  m)  .  13C  NMR 
(CDCI3)  127.18,  127.59,  128.52,  129.04,  129.29,  131.18, 
132.30,  133.34,  147.48.  HRMS  calcd.  for  C14H13SO2  (M++l): 
245.0636,  found  245.0720. 

l-Hydroxy-3-phenylsulf onyl-2 , 4 . 5-triphenyl  pyrrolidine  212. 
To  a  solution  of  201  (0.200  g,  0.95  mmol)  in  THF  (20  mL)  at 
-78  °C  was  added  a  solution  of  B-l-(phenylsulfonyl)-2- 
phenylethene  (0.683  g,  2.8  mmol)  in  THF  (2  mL)  and  the  mix 
was  warmed  to  -40  °C.  A  solution  of  NaHMDS  ( 1M  in  THF,  1.89 
mL,  1.89  mmol)  was  added  drop  wise.  The  resulting  solution 
was  stirred  for  90  minutes  below  -35  °C.  The  mix  was  quenched 
at  -30  °C  with  saturated  NH4CI  solution  (10  mL),  and 
extracted  with  ether  (30  x  3).  Ether  was  later  removed  under 
reduced  pressure.  Flash  chromatography  (silica,  10%  ether  in 
pet  ether)  isolated  two  diastereomers  213  in  30%  yield  (0.130 
g,  0.28  mmol)  and  212  in  54%,  yield  (0.233  g,  0.51  mmol). 
213:  IR  (CHCI3)  3568,  3066,  3011,  1603,  1497,  1448,  1307, 
1213,  1143,  1071,  1031,  702  cm"1;  lK  NMR  (500  MHz,  CDC13 )  6 
4.17  (1  H,  t,  J  =  8.5  Hz),  4.23  (1  H,  dd,  J=  5.9,  8.5  Hz), 
4.52  (1  H,  d,   J  =  11.5),  5.11   (1  H,  d,  J  =  5.9  Hz ) , 7 . 00-7 . 67 
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(20  H,  mix).13C  NMR  (75  MHz,  CDC13)  6  50.46  (1),  70.74  (1), 
76.34  (1),  78.01  (1),  126.86  (1),  127.71  (1),  127.71  (1), 
127.79  (1),  127.98  (1),  128.04  (1),  128.30  (1),  128.40  (1), 
128.55  (1),  128.78  (1),  133.44  (0),  136.94  (0),  138.27  (0), 
139.29  (0  ).  HRMS  exact  mass  calc.  for  C28H26NSO3  456.1633: 
found  456.1635. 

212:  mp  231-232  °C.  IR  (CHC13)  3565,  3025,  1496,  1461,  1307, 
1148,  1086  cm*1;  !h  NMR  (500  MHz,  CDC13)  6  3.81  (1  H,  dd,  J  = 
5.9,  9.8  Hz),  4.06  (1  H,  d,  J  =  9.8  Hz),  4.22  (1  H,  dd,  J  = 
9.3,  6.3  Hz),  4.65  (1  H,  d,  J  =8.8  Hz),  4.86  (1  H,  s),  7.00- 
7.55  (20  H,  mix).  13C  NMR  (75  MHz,  CDC13)   6  50.49   (1),  70.19 

(1),  72.87  (1),  78.37  (1),  127.22  (1),  127.67  (1),  127.84 
(1),  128.07  (1),  128.55  (1),  128.63  (1),  129.34  (1),  132.56 
(0),  134.85  (0),  138.99  (0),  139.87  (0).  HRMS  exact  mass 
calc.  for  C28H26NS03  456.1633:  found  456.1665. 

l-Hydroxy-3-phenvlsulf onyl-2 , 4 , 5-triphenyl  pyrrolidine  214. 
To  a  solution  of  201  (0.200  g,  0.95  mmol)  in  THF  (20  mL)  at 
-6  0  °C  was  added  a  solution  of  £-l-(phenylsulfonyl)-2- 
phenylethene  (0.683  g,  2.8  mmol)  in  THF  (2  mL)  and  the  mix 
was  warmed  to  -40  °C.  A  solution  of  LiHMDS  ( 1  M  in  THF,  1.89 
mL,  1.89  mmol)  was  added  drop  wise  over  five  minutes.  The 
resulting  solution  was  stirred  for  90  minutes  below  -35  °C. 
The  mix  was  quenched  at  -25  °C  with  saturated  NH4CI  solution 
(10  mL),  and  extracted  with  ether  (30  mL  x  3).  Ether  was 
later  removed  under  reduced  pressure.  Flash  chromatography 
(10%  ether  in  petroleum  ether)   isolated  a  mixture  of  three 
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diastereisomers  (0.377  g,  0.83  mmol,  87%).  The  raixture  was 
further  purified  by  column  chromatography  (10%  ether  in 
petroleum  ether)  to  isolate  213  (314,  0.69  mmol,  73%).  The 
new  diastereosiomer  214  (2%)  could  not  be  completely  isolated 
from  212  (12%)  and  was  analyzed  as  a  mixture:  214:  IR  (CHC13) 

3570,  3071,  3025,  1496,  1449,  1308,  1149,  1085  cm"1;  lH  NMR 
(CDC13,  500MHz)  63.95  (1  H,  dd,   J=  3.9,   8.5  Hz),   4.02   (1  H, 

dd,  J  ■  4.1,  8.4  Hz),  4.59  (1  H,  d,  J  =  8.8  Hz),  4.69  (1  H, 
d,  J=  8.5  Hz),  6.90-7.20  (9  H,  m) ,  7.21-7.60  (9  H,  m) ,  7.62- 
7.73   (2  H,  m)  .   13C  NMR  (CDC13,   75  MHz)  6  47.73   (  1),   70.78  (1), 

72.60  (1),  74.42  (1),  126.70  (1),  126.96  (1),  127.73  (1), 
127.90  (1),  128.13  (1),  128.19  (1),  128.42  (1),  128.55  (1), 
128.83  (1),  129.02  (1),  133.73  (1),  136.82  (0),  137.81  (0), 
138.71  (0),  139.48  (0).  MS  m/z  (relative  intensity)  456  (MH+, 
8),  438  (25),  314  (83),  193  (100).  HRMS  exact  mass  calc.  for 
C28H26NS03  456.1633:  456.1633:  found  456.1578. 

Benzenesulfenylchloride  215  (101).  Diphenyldisulf ide  (5.0  g, 
22.9  mmol)  was  dissolved  in  carbontetrachloride  (100  mL)  and 
stirred.  Chlorine  gas  was  bubbled  through  the  reaction 
mixture  at  an  approximate  rate  of  5  bubbles /minute .  The 
reaction  was  followed  by  TLC  and  found  to  be  complete  in  four 
hours.  The  color  of  the  reaction  changed  from  light  yellow  to 
dark  yellow  over  the  period  of  the  reaction,  towards  the  end 
a  greenish  tinge  was  observed  due  to  a  saturation  of  chlorine 
gas.  The  solvent  was  evaporated  under  aspirator  pressure 
first,   followed  by  high  vacuum,    the  exhaust  was  bubbled 


141 


thorough  a  bleach  solution  to  oxidize  any  sulfides.  The 
product  was  then  further  purified  by  distillation,  the 
product  was  collected  at  60-62  °C  at  3  nun  pressure  (4.51  g, 
31.3  mmol,  70%).  This  product  was  unstable  and  had  to  be 
immediately  used  in  the  next  step.  *H  NMR  (CDCI3,  300  MHz)  6 
7.64-7.70  (2  H,  m) ,  7.31-1.42  (3  H,  m)  .  13C  NMR  (CDCI3,  75 
MHz)  6    129.33  (1),  130.07  (1),  131.70  (1),   135.52  (1). 

l-Phenvl-2-phenylmercaptoacetvlene  216  (100).  To  a  Grignard 
reagent  prepared  from  magnesium  (0.746  g,  30.6  mmol)  and 
ethyl  bromide  (3.32  g,  30.5  mmol)  in  anhydrous  ether  (14  mL), 
phenylacetylene  (2.  81  g,  27.5  mmol)  in  anhydrous  ether  (7 
mL)  was  added  drop  wise  and  the  mixture  stirred  and  the 
refluxed  for  an  hour  till  no  ethane  gas  was  evolved.  Freshly 
prepared  benzenesulf eneylchloride  (4.0  g,  27.5  mmol)  in 
anhydrous  ether  (21  mL)  was  then  added  using  a  canula  in  drop 
wise  and  the  mixture  was  refluxed  for  an  hour  and  stirred 
overnight,  and  the  mixture  poured  over  ice  and  hydrochloric 
acid.  The  aqueous  layer  was  extracted  with  ether  (3  x  50  mL) 
dried  and  evaporated  in  vacuo.  The  residual  liquid  was 
vacuum  distilled  at  155-170  °C  at  1  mm  to  give  product  (3.34 
g,  15.9  mmol,  58  %)  IR  (CHCI3)  3049,  2167,  1578,  1478,  1443, 
1237,  1067,  1026  cm"1;  *H  NMR  (CDCI3,  300  MHz)  5  7.29-7.36  (6 
H,   m),    7.47-7.52    (4   H,   m)  .    13c  NMR   (CDCI3,    75   MHz)    6  77.13 

(0)  ,   97.88    (0),    126.18    (0),    126.50   (1),    128.29    (1),  128.37 

(1)  ,  128.61  (1),  129.24  (1),  131.72  (0),  132.10  (0).  MS  m/z 
(relative  intensity)  77  (13%),  89  (39%),  109  (25%),  165  (57), 
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210  (M+,  100%).  HRMS  exact  mass  calc.  for  C14H10S.  210.0503: 
found  210.0485. 

l-Phenyl-2-phenvlsulfonylacetylene  217  (100).  l-Phenyl-2- 
phenyl-mercaptoacetylene  (1.5  g,  7.14  mmol)  was  weighed  into 
the  reaction  flask  followed  by  the  addition  of  glacial  acetic 
acid  (24  mL).  To  this  reaction  mixture  hydrogen  peroxide  (3.3 
mL,  30%)  was  added  drop  wise,  towards  the  end  of  the  addition 
cloudiness  persisted  upon  addition  of  each  drop,  after 
stirring  the  solution  cleared  up.  this  reaction  was  stirred 
for  6  hours  and  observed  by  TLC ,  some  staring  material  was 
still  present,  more  hydrogen  peroxide  was  added  (1.0  mL,  30%) 
and  allowed  to  stir  overnight,  and  the  reaction  was  observed 
to  go  to  completion.  The  reaction  was  poured  on  ice  (30  g), 
upon  standing  for  a  few  hours  a  solid  precipitated  out  which 
was  filtered.  The  sample  was  recrystallized  from  methylene 
chloride  and  petroleum  ether  to  yield  white  crystals  (0.877 
g,   51%).  mp:  69-71  °C.    *H  NMR  (CDCI3,   300  MHz)   7.34-7.40  (2 

H,  m),  7.45-7.50  (1  H,  m) ,  7.51-7.54  (2  H,  m) ,  7.60-7.63  (2 
H,  m),  7.60-7  .69  (  1  H,  m) ,  8.07-8.10  (2  H,  m)  .  13C  NMR 
(CDCI3,    75  MHz)   5  85.31    (0),    93.47    (0),    117.85    (0),  127.39 

(1),  128.67  (1),  129.37  (1),  131.55  (1),  132.73  (1),  134.14 
(1),  141.79  (0).  MS  m/z  (relative  intensity)  77  (31%),  89 
(28%),  125  (47%),  178  (100%),  242  (M+,  42%).  HRMS  exact  mass 
calc.  for  C14H10SO2  (M+)  242.0402:  found  242.0395. 
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Z-l-( phenylsulf onyl ) -2-phenvlethene  218.  The  sulfonyl 
acetylene  was  weighed  into  the  reaction  flask  (0.102  g,  0.42 
mmol).  The  flask  was  flushed  with  dry  nitrogen  and 
copper ( II ) tetrafluoroborate  (0.206  mg,  0.867  mmol)  was 
guickly  weighed  in  the  reaction  flask.  The  flask  was  further 
flushed  with  nitrogen  and  dry  distilled  isoproponal  was  added 
(5  mL).  To  this  reaction  mixture  diethylmethyl  silane  (0.125 
cc,  0.867  mmol)  was  syringed  in  (care  was  exercised  in 
handling  this  material  due  to  the  toxic  nature  of  its  fumes ) . 
The  reaction  was  stirred  at  room  temperature.  The  reaction 
turned  from  blue  to  green,  and  in  twenty  minutes  a  brown 
deposit  of  copper (0)  was  observed.  The  reaction  was  complete 
after  two  hours ,  the  reaction  mixture  was  poured  on  to 
saturated  ammonium  chloride  solution  (40  mL)  followed  by 
extraction  with  ether  (3  x  40  ml)  and  the  extracts  combined. 
The  organic  layer  was  washed  with  5  %  sodium  bicarbonate 
followed  by  brine.  The  organic  layer  was  dried  and  evaporated 
in  vacuo  to  yield  a  yellow  oil.  The  compound  was  further 
purified  by  flash  chromatagraphy  (ethyl  acetate: petroleum 
ether  10:90)  to  afford  a  clear  oil  (0.072  mg,  0.29  mmol,  70%) 
(The  product  had  8%  of  211,  and  10%  fully  reduced  sulfone  as 
impurities,  as  seen  by  NMR,  this  compound  was  used  in  this 
form  in  the  next  step).  !h  NMR  (CDC13,  300  MHz)  6  6.52  (1  H, 

d,  J=  12.1  Hz),  7.08  (1  H,  d,  J=  12.1  Hz),  7.31-7.35  (2  H, 
m),  7.48  (2  H,  t,  J  =  8.1  Hz),  7.50-7.57  (4  H,  m) ,  7.79  (2  H, 
m).    13C  NMR  (CDC13,    75  MHz)   6  127.40   (1),   127.51   (1),  128.04 
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(1),  128.90  (1),  129.31  (1),  129.72  (1),  130.40  131.10 
(0) ,  133.26  (0) ,   141.48  (1) . 

Comparison  of  the  products  of  the  reaction  between  211  and 
218  with  the  N-benzyl  a-phenvl  nitrone 

Two  flasks  under  identical  cooling  conditions,  were 
separately  charged  with  the  nitrone  201  (0.022  g,  0.102  mmol) 
followed  by  the  addition  of  THF  (5  mL).  To  one  flask  was 
added  a  solution  of  the  E-sulfone  211  (0.030  g,  0.12  mmol)  in 
THF  (4  ml)  and  a  solution  of  the  Z-sulfone  218  (0.030,  012 
mmol)  in  THF  (4  mL)  was  added  to  the  other.  Both  flasks  were 
cooled  to  -40  °C,  followed  by  the  addition  of  a  solution  of 
NaHMDS  (1  M  in  THF,  0.12  mL,  0.12  mmol)  to  both  flasks.  The 
flasks  were  stirred  under  -25  °C  for  90  minutes  followed  by 
addition  of  saturated  NH4CI  solution  (10  mL)  to  both  flasks. 
Each  reaction  was  extracted  with  ether,  dried  and  evaporated 
and  the  reaction  mixture  analyzed  by  NMR.  The  product  mixture 
with  the  .E-sulfone  showed  a  ratio  of  212:213  as  66%: 33%,  and 
the  product  mixture  for  the  Z-sulfone  showed  the  presence  of 
the  same  two  products  212:213  in  a  slightly  different  ratio 
of  78%:28%. 

tert-Butyl-g-methoxvacetate  311  (112).  Methoxyacetic  acid  (25 
g,  0.277  mol)  was  cooled  in  an  acetone  dry  ice  bath  till  it 
solidified.  Isobutylene  gas  (32  mL,  0.277  mol)  was  condensed 
into  the  cooled  reaction  vessel,  a  couple  of  drops  of 
cone . sulfuric  acid  was  added  and  the  reaction  vessel  was 
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wired  shut.  The  cooling  bath  was  removed  and  the  reaction  was 
allowed  to  stir  overnight.  After  about  12  hours  of  stirring 
the  reaction  was  cooled  back  down.  NaHC03  was  added  to  make 
the  insoluble  Na  salt  of  any  unreacted  carboxylic  acid.  The 
reaction  mix  was  filtered,  the  solid  was  washed  with  ether, 
the  ether  was  evaporated  in  vacuo,  to  yield  clear  liquid.  The 
yield  was  65%  (26.2  g,  0.180  mol).  *H  NMR  (300  MHz ,  CDC13) 
1.50  (9  H,  S),  3.43  (3  H,  S),  3.91  (2  H,  S)  13  C  NMR  (75  MHz) 
27.85  (3),  58.8  (3),  70.01  (2),  81.32  (0),  169.27  (0). 

tert-Butyl-a-methoxy-q-bromo  acetate  312  (112)  The  tert- 
Butyl-a-methoxyacetate  (24.3  g,  0.166  mol)  was  dissolved  in 
carbon  tetrachloride  (500  mL)  and  NBS  (30.5  g,  0.171  mol)  was 
added  into  it  with  stirring.  A  few  crystals  of  mCPBA  were 
added  to  initiate  the  reaction.  The  reaction  was  refluxed  for 
about  3  hours,  the  reaction  mix  cooled  back  down  and  filtered 
to  remove  the  succinamide.  The  solvent  was  evaporated  in 
vacuo,  leaving  behind  a  yellow  oil  which  was  unstable  on 
standing.  The  yield  was  85%  (31.8  g,  0.142  mol).  !h  NMR  (300 
MHz,  CDC13)  1.51  (9  H,  s),  3.508  (3  H,  s),  5.92  (0.5  H,  s ) ; 
13C  NMR  (75  MHz)  27.8  (3),  58.7  (3),  69.3  (1),  85  (0)  164.5 
(0). 

tert-Butvl  alvoxalate.  Hydrate  313  (112)  The  t-Butyl-ct- 
Methoxy-a-bromo  acetate  (31.8  g,  0.142  mol)  was  added  to 
water  (215  mL),  sodium  bicarbonate  was  added  (14.07  g,  0.166 
mol)  and  stirred  overnight.  The  next  day  this  aqueous  layer 
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was  continously  extracted  for  48  hours  with  ether.  This  ether 
was  dried  and  evaporated  to  give  the  desired  glyoxalate  as  a 
slightly  yellow  liquid.  The  glyoxalate  was  distilled  to  yield 
a  clear  liquid  (20.02  g,  95%,  0.135  mol).  This  glyoxalate  was 
freshly  distilled  just  prior  any  further  application.  IR 
(CHC13)  3525,  2983,  1736,  1478,  1232,  1160,  1090  cm"1;  lE  NMR 
(300  MHz,  CDC13)  1.50  (9H,  s),  3.41  (1H,  s),  9.3  (0.1  H,  s). 

W-Methyl-g-tert-butoxycarbonyl  nitrone  314.  N-Methyl 
hydroxylamine.  HC1  (0.846  g,  10.1  mmol)  was  dissolved  in 
minimum  amount  of  water,  NaOH  (50%)  was  added  drop  wise  till 
the  solution  was  neutral  to  pH  paper.  Methylene  chloride  (20 
mil)  was  added  to  this  solution  and  stirred  well.  t-Butyl 
glyoxalate  monohydrate  (1.0  g,  6.8  mmol)  was  freshly 
distilled  and  dissolved  in  methylene  chloride  (12  mL).  The 
solution  of  glyoxalate  was  added  in  about  8  portions  to  a 
solution  of  the  neutralized  methyl  hydroxylamine  with  rapid 
stirring.  Anhydrous  magnesium  sulfate  (6.0  g,  49.8  mmol)  was 
added  to  the  reaction  with  stirring.  The  reaction  was  stirred 
for  13  hours  .  The  reaction  was  filtered  and  the  filtrate 
dried  in  vacuo.  Recrystallization  using  ethyl  acetate  yielded 
the  desired  nitrone  (0.758  g,  4.77  mmol,  71%).  The  product 
was  isolated  as  a  mixture  of  E:Z  isomers,  mp:  72  °C. 
IR(CHCl3)  2984,  1711,  1565,  1369,  1238,  1146,  1091,  980  cm"1; 
XH  NMR  (300  MHz,  CDCI3)  6  1.5  (9  H,  S),  3.81  (0.75  H,  S),  4.13 
(2.25  H,  s),  7.03  (0.25  H,  s),  7.16  (0.75  H,  s ) ;  13C  NMR  6  (75 
MHz,   CDCI3):    28.06    (3),    51.63    (3),    55.78    (3),    82.  14  (0), 
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82.47  (0),  127.32  (1),  128.63  (1),  158.67  (0),  160.14  (0);  MS 
(EI)  m/z  (relative  intensity)  159  (M+),  114  (44),  104  (84), 
86(75),  57  (100),  42  (92). 

The  stereochemistry  of  the  minor  product  was  determined  to  be 
Z-  using  NOE  difference  spectroscopy.  An  enhancement  of  9%  of 
methyl  peak  at  3.81  ppm  was  observed  on  irradiation  of 
nitrone  proton  at  and  7.03  ppm. 

fl-Benzvl-g-tert-butoxy  carbonvl  nitrone  318.  The  N-benzyl 
hydroxy lamine.HCl  (0.431  g,  2.69  mmol)  was  dissolved  in 
methylene  chloride  (10  mL)  followed  by  addition  of 
triethylamine  (1.13  mL,  8.07  mmol)  over  2  minutes.  This 
caused  the  hydrochloride  salt  dissolve  and  within  2  minutes, 
the  reappearance  of  another  solid.  This  reaction  mixture  was 
filtered  and  filtrate  concentrated  in  vacuo  to  yield  an  oil 
with  some  solid  present.  This  was  extracted  with  ether,  dried 
over  anhydrous  magnesium  sulfate  and  concentrated  in  vacuo  to 
yield  an  oil  (0.349  g,  3.20  mmol).  This  oil  was  dissolved  in 
methylene  chloride  (10  mL),  to  this  solution,  under  stirring, 
was  added  a  solution  of  glyoxalate  (0.376  g,  2.54  mmol)  in 
methylene  chloride  (2  mL).  Calcium  carbonate  (3.0  g)  was 
added  under  stirring  and  the  reaction  was  allowed  to  stir  for 
15  hours  and  filtered,  filtrate  washed  with  methylene 
chloride  (2  x  20  mL),  the  combined  extracts  were  dried  and 
concentrated  in  vacuo  to  yield  a  solid  that  was  further 
purified  by  recrystallization  (ethyl  acetate/petroleum  ether) 
to  yield  the  pure  product  (0.395  g,   1.68  mmol,   62.4%).  mp: 
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79-81   °C.   lH  NMR  (300  MHz,  CDC13)  6  1.48   (3  H,   s),   1.52   (6  H, 

s),  4.96  (1  H,  s),  5.68  (2  H,  s),  6.97  (0.  33  H,  s),  7.11 
(0.66  H,   s),   7.32-7.56   (5  H,   s).    13C  NMR   (75   MHz,    CDCI3)  6 

28.06,  65.81,  73.25,  94.6,  126.24,  128.56,  128.69,  129.05, 
129.28,  129.44,  129.57,  140.75,  201.95.  Anal.  Calcd  for 
C14H13NO:  C,  66.36;  H,  7.28;  N,  5.95.  Found:  C,  66.42;  H, 
7.38;  N,  5.57.  MS  (CI:  NH3)  m/z  (relative  intensity)  91 
(77%),  180  (100%),  236  (29%).  HRMS  calcd.  for  C13HI8NO3 
(M++1):  236.1287.  Found:  236.1280. 

The  stereochemistry  of  the  minor  product  was  determined  to  be 
Z-  using  NOE  difference  spectroscopy.  An  enhancement  of  4%  of 
the  nitrone  peak  at  6.97  ppm  was  observed  on  irradiation  of 
benzylic  protons  at  4.96  ppm. 

2-tert-butoxvcarbonvl-3-methoxvcarbonvl-4-phenyl  pyrrolidine 
1-  oxide  315   W-Methyl-a-t-butoxycarbonyl  nitrone  (0.100  g, 

0.629  mmol)  and  methyl  cinnamate  (0.305  g,  1.88  mmol)  were 
dissolved  in  anhydrous  THF  (20  mL)  and  cooled  to  -60  °C. 
NaHMDS  (1.0  M  in  THF,  0.8  mL,  0.8  mmol)  was  added  drop  wise 
over  5  minutes.  The  reaction  was  allowed  to  warm  to  -40  °C 
and  allowed  to  stir  for  2  hours  at  this  temp,  the  reaction 
was  then  allowed  to  further  warm  up  to  -20  °C  and  quenched 
with  sat.  ammonium  chloride  solution  and  worked  up  as  usual 
to  afford  a  yellow  oil  (0.  305  g)  .  Flash  chromatography 
(silica  gel,  25%  ethyl  acetate  in  petroleum  ether)  gave  the 
desired  product  as  yellow  oil  (0.0635  g,  0.197  mmol,  32%). 
IR(CHCl3)  3695,  3607,  2985,  1737,  1372,   1114,   908  cm"1;   lE  NMR 


149 


(500  MHz ,  CDCI3)  6  1.5  (9  H,  s),  3.74  (3  H,  s),  3.79  (1  H,  dd, 
J=  7.1,  15.4  Hz)  4.07  (1  H,  dt,  J=  7.5,  2.2  Hz),  4.16  (1  H, 
ddd,  J=2.2,  6.5,  17.6),  4.66  (1  H,  ddd,  J=  2.4,  8.5,  17.6), 
7.19  (2  H,  d,  J  =6.9)  7.31-7.34  (3  H,  m) ;  13C  NMR  (75  MHz, 
CDCI3)   6   27.84    (3),    48.67    (2),    52.44    (3),    61.68    (  1),  69.30 

(1),  83.39  (0),  126.77  (1),  127.21  (1),  128.96  (1),  141.43 
(0),  160.42  (0),  164  .79  (0),  171.24  (0);  HRMS  calcd.  for 
C17H23NO5  (MH2++1):  322.1576.  Found:  322.1500. 

1 -Hydroxy- 2- tert-butoxycarbonvl-4-methoxycarbonyl-3 , 5- 
diphenyl  pyrrolidine     319     tf-Benzyl-a-tert-butoxy  carbonyl 

nitrone  (0.200  g,  0.851  mmol)  and  methyl  cinnamate  (0.413  g, 
2.55  mmol)  were  dissolved  in  anhydrous  THF  (20  mL)  and 
nitrogen  gas  was  bubbled  through  for  3  0  minutes  and  was 
cooled  to  -55  "c.  The  reaction  was  allowed  to  warm  up  to  -50 
°C  and  NaHMDS  (1.0  M  in  THF,  0.9  mL,  0.9  mmol)  was  added  drop 
wise  over  5  minutes.  An  intense  orange  color  developed,  which 
persisted  for  two  hours  and  gradually  turned  light  orange. 
The  reaction  was  warmed  further  to  -40  °C  and  allowed  to  stir 
for  2  hours  at  this  temp,  the  reaction  was  then  allowed  to 
further  warm  up  to  0  °C  and  quenched  with  sat.  ammonium 
chloride  solution,  which  had  been  previously  purged  by 
bubbling  nitrogen  through  and  worked  up  as  usual  to  afford  a 
yellow  oil.  Flash  chromatography  (silica  gel,  10%  ethyl  ether 
in  petroleum  ether)  was  performed  to  separate  the  four 
cycloadducts  as  one  fraction  (0.192  g,  0.484  mmol,  57%).  NMR 
determined  the  yields  of  the  four  isomers  to  be  in  32%,  18%, 
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4%  and  3%.  This  mixture  of  isomers  was  then  further 
chromatographed  under  gravity  using  the  same  mobile  phase  as 
before  to  separate  a  pure  fraction  of  the  major  diastereomer 
for  analysis.  319:  *H  NMR  (500  MHz ,  CDCI3)   6  1.17   (9  H,  s), 

3.08  (3  H,  s),  4.17  (1  H ,  dd,  J=  10.6,  10.8  Hz),  4.34  (1  H, 
dd,  J=  7.5,  10.1  Hz),  4.44  (1  H,  d,  J  =  7.5  Hz),  5.03  (1  H, 
s),  5.27  (1  H,  d,  J=  11.4  Hz),  7.23-7.34  (8  H,  m) ,  7.42  (2 
H,  d,  J  =  7.5  Hz)   ;  13C  NMR  (75  MHz,  CDCI3)   6  27.77   (3),  44.49 

(1),  50.33  (3),  51.53  (1),  70.43  (1),  72.32  (1),  81.70  (0), 
127.23  (1),  127.78  (1),  127.98  (1),  128.00  (0),  128.40  (1), 
128.50  (1),  136.89  (0),  138.58  (0),  169.60(0),  171.71  (0).  MS 
m/z  (relative  intensity)  83  (17%),  91  (29%),  117  (100%),  342 
(20%),  398  (7%).  HRMS  calcd.  for  C23H28NO5  (M++1):  398.1967. 
Found:  398.2017. 

320  !H  NMR  (500  MHz,  CDCI3)  6  1.17  (s,  9  H),  3.68  (s,  3  H), 
4.19  (dd,  1  H,  J  =  8.0,  4.4  Hz),  4.55  (dd,  1  H,  J  =  4.4,  1.4 
Hz),  5.37  (d,  1  H,  J  =  8.0  Hz),  7.16  (m,  2  H),  7.24-7.47  (m, 
6  H)  7.99  (m,  2  H);  13C  NMR  (75  MHz,  CDCI3)   6  27.45   (3),  52.43 

(3),  61.17  (1),  79.32  (1),  81.22  (1),  82.40  (0),  127.46  (1), 
127.85  (1),  128.31  (1),  128.55  (0),  129.02  (1),  131.32  (1), 
132.83  (0),  139.12  (0),  168.75  (0),  171.23  (0),  171.46  (0). 

3,  4-Dimethvl-4-nitropentanal  406  (83).  Freshly  distilled 
crotonaldehyde  (1.75  g,  0.025  mol)  in  anhydrous  methanol  (10 
mil)  was  added  drop  wise  to  a  solution  of  2-nitropropane  (2.5 
g,  0.028  mol)  in  anhydrous  methanol  (10  mL)  containing  sodium 
methoxide  (from  0.1  g  of  sodium)  at  60  °C.  After  stirring  the 
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solution  for  3  hours  at  this  temperature,  the  reaction 
mixture  turned  deep  yellow,  the  solution  was  left  overnight, 
the  following  day  the  reaction  mixture  had  turned  green. 
Acetic  acid  (1  mL)  was  added,  the  methanol  evaporated,  and 
the  residue  poured  into  water.  The  product  was  extracted  with 
ether,  the  extract  washed  with  sodium  bicarbonate  solution, 
dried  and  residue  evaporated  in  vacuo  to  yield  the  crude 
product  in  88%  yield  as  a  yellow  oil  (3.56  g,  0.022  mol).  1H 
NMR  (300  MHz,   CDC13)   6  0.98   (3  H,   d,    7.3  Hz ) ,    1.55   (3  H,  S), 

1.56  (3  H,  s),  2.3  (1  H,  m) ,  2.5  (1  H ,  m) ,  2.  86  (1  H,  m) , 
9.72  (1  H,  br  s) . 

4,  5,  5  -Trimethyl  pyrrolidine  1-  oxide  407  (83).  3,  4 
dimethyl-4-nitropentanal  (600  mg,  3.77  mmol)  was  weighed  out 
in  a  round  bottom  flask,  water  (4  mL)  was  added  to  the  flask 
followed  by  addition  of  ammonium  chloride  (150  mg,  11.31 
mmol)  under  stirring.  This  reaction  mixture  was  cooled  in  ice 
to  0  °C.  Freshly  activated  zinc  (740  mg,  11.31  mmol)  was 
added  under  stirring  over  a  period  of  2  hours  .  The  reaction 
was  allowed  to  stir  for  another  2  hours  .  The  reaction  was 
then  filtered,  the  filter  cake  washed  with  hot  water  (50  mL), 
the  filtrate  and  the  washings  were  mixed  and  evaporated  in 
vacuo  at  50  °C,  the  thick  syrup  so  obtained  was  dissolved  in 
chloroform,  dried  and  evaporated  in  vacuo  to  yield  product 
as  an  oil  in  92%  yield  (446  mg,  3.5  mmol).  lK  NMR  (300  MHz, 
CDCI3)  6     1.1   (3  H,  d,  7.4  Hz),   1.21   (3  H,   S),   1.38   (3  H,  s), 

2.13-2.35   (2  H,  m) ,  2.68  (1  H,  ddd),   6.92   (1  H,   br  s).   13  C 
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NMR  (75  MHz,  CDCI3)  6  14.6  (3),  19.05  (2),  24.56  (2),  32.99 
(3) ,  39.62  (3) ,  133.2   (0)  . 

l-Benzyl-3 , 4-dihydroxy-2 , 5-pyrrolidindione  412  (134). 

Tartaric  acid  (50  g,  0.33  raol)  was  added  to  the  reaction 
flask  followed  by  addition  of  benzylamine  (37  mL,  0.33  mol) 
with  stirring  in  xylenes  (250  mL).  The  reaction  was  refluxed 
using  a  Dean  Stark  trap.  After  2  hours  of  reflux  a  red  oil 
settled  at  the  bottom.  After  6  hours  of  reflux  11  mL  of  water 
was  collected.  The  solvent  was  evaporated  and  the  residue 
washed  with  acetone  and  recrystallized  from  ethanol  to  get 
product  (58.4  g,  0.24  mol,  80%):  mp  195-196  °C,  J-H  NMR  (500 
MHz,  CD3OD)  6  4.54  (2  H,  s)  5.00  (2  H,  s)  7.40-7.76  (5  H,  m) 
13C  NMR  (75  MHz,  CD3OD)  6  42.05,  72.78,  126.44,  126.67, 
127.78,  138.04,  172.32. 

l-Benzyl-3 , 4-Pvrrolindiol  413  (134).  Borontrif  luoride 
etherate,  doubly  distilled  (29.6  mL,  0.236),  was  cooled  to  0 
°C  and  anhydrous  diglycol-dimethylether  (120  mL)  added.  412 
(13.2  g,  0.06  mol)  was  then  added  to  the  reaction  mixture 
under  stirring.  The  reaction  mix  was  allowed  to  cool  down  to 
0  °C  and  sodiumborohydride  (6.0  g,  0.158  mol)  was  added  in 
small  portions.  A  bleed  line  was  hooked  up  to  an  acetone 
filled  bubbler  to  trap  any  escaping  diborane  gas.  The 
reaction  was  then  warmed  up  to  70  °C  and  stirred  for  2.5 
hours  .  The  reaction  was  then  cooled  down  to  room  temperature 
and  6  N.  HC1  (80  mL,  0.48  mol)  was  added,  the  reaction  warmed 
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up  to  70  °C  and  stirred  for  15  minutes.  Under  stirring  NaF 
(36.8  g,  0.876  mol)  was  then  added  and  reaction  warmed  up  to 
100  °C  and  heated  for  30  minutes.  The  reaction  was  then 
cooled  down  to  2  0  °C  and  20%  sodium  hydroxide  solution  (76 
mL,  0.466  mol)  added.  The  aqueous  phase  was  then  rejected  and 
the  organic  phase  concentrated  in  vacuo.  The  organic  phase 
was  then  dissolved  in  water  (48  mL)  and  continuously 
extracted  for  48  hours.  The  ether  layer  was  dried  over 
anhydrous  magnesium  sulfate  and  concentrated  in  vacuo  to 
yield  a  pasty  solid  which  was  recrystallized  from  ethyl 
acetate  to  give  desired  product  (9.32  g,  0.0483  mol,  80.4%): 
ra.p  98-100  °C.   1h  NMR  (500  MHz ,  CD3OD)  6  2.46   (2  H,   d,   J  = 

10.7  Hz),  2.91  (2H,  m)  3.55  (1H,  dd,  J"  =  12.7  Hz,  2  Hz)  3.66 
(1H,  dd,  J  =  12.7  Hz,  2  Hz)  4.02  (2H,  d,  J  =  2.9  Hz)  7.2-7.35 
(5H,    m)  .    13C   NMR    (75   MHz,    CD3OD)    6      59.78,    60.03,    77  .34, 

126.71,  127.68,  127.60,  137.38. 

1 -Benzyl-3 , 4-bis ( methoxvmethoxy ) pyrrolidine  414  (78).  To  a 
stirred  suspension  of  413  (0.200  g,  1.0  mmol)  in 
dimethoxymethane  (20  mL)  at  0  °C  P2O5  (2.0  g,  14.0  mmol)  was 
added  in  small  portions  over  the  period  of  an  hour.  The  ice 
bath  was  removed  and  the  suspension  was  stirred  under  reflux 
for  two  days.  After  evaporation  of  solvent  the  solid  residue 
was  poured  into  20%  sodium  carbonate  (20  mL)  maintained  at  0 
"c.  The  resulting  solution  was  extracted  with  ether  dried  and 
evaporated  to  yield  the  product  (0.202  g,  0.716  mmol,  71.6%). 
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Sodium  hydride  (0.094  g  @  80%  dispersion  in  oil=  0.076  g, 
3.16  mmol)  was  weighed  into  the  reaction  flask  under  argon, 
the  sodium  hydride  was  washed  with  hexanes  twice  ,and 
washings  discarded.  A  solution  of  408  (0.250  g,  1.38  mmol)  in 
THF  (20  mL)  was  syringed  into  the  reaction  mixture  and  this 
mix  was  refluxed.  The  solution  turned  green  on  reflux  after 
two  hours  of  reflux  the  solution  had  the  appearance  of 
crystallized  solid,  the  reflux  was  removed  and  methoxymethyl 
chloride  (0.412  g,  3.31  mmol)  added  to  it.  The  reaction  was 
then  refluxed  for  another  two  hours.  The  reaction  was  poured 

into  water  and  extracted  with  ether  (3  x  30  mL)  to  yield  the 
product  (0.310  g,  79.9%).  lH  NMR  (300  MHz,  CDCI3)   6     2.55  (2 

H,  dd,  J  =  4.2,  10.2  Hz),  2.95  (2  H,  dd,  J  =  6.0,  10.0  Hz) 
3.34  (6  H,  s),  3.57  (1  H,  d,  J  =  13.2  Hz),  3.65  (1  H,  d,  J  = 
13.2  Hz),  4.13-4.18  (2  H,  m) ,  4.63  (2  H,  d,  J  =  7.0  Hz),  4.72 
(2H,  d,  J  =  7.0  Hz),  7.22-7.35  (5  H,  m)  ;  13C  NMR  (75  MHz, 
CDCI3)   6  55.40,   58.49,   60.18,   81.35,    95.58,    128.98,  128.13, 

128.79,  137.92;  MS  (CI)  m/e  (relative  intensity)  (M++l)  282, 
250,  158,  91. 

3 ,  4 -Bis ( methoxymethoxy ) pyrrolidine  415  (78).  414  (1  g,  3.56 
mmol)  was  dissolved  in  ethanol  (95%,  20  mL)  and  ammonium 
formate  (0.897  g,  14.24  mmol)  was  added  under  stirring.  Pd  on 
carbon  (400  mg)  was  then  added  to  the  reaction  mixture  and 
tested  periodically,  the  reaction  went  to  completion  in  six 
hours.  The  reaction  was  filtered  over  celite  and  washed  with 
methanol   (6  x  20  mL).  The  solution  was  then  evaporated  to 
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yield  the  product.  The  compound  was  further  purified  by  flash 
chromatography  on  silica  gel  (Petroleum  ether:  ethylacetate: 
ethanol:  30%  ammonium  hydroxide:  4:4:1.8:0.2)  to  give  the 
pure  amine  (0.360  mg,  1.88  mmol,  52  %).  IR  (CHCI3,  cur1)  3473, 

2952,  1708,  1663,  1600,  1461,  1375,  1146,  1106,  1034;  XH  NMR 
(300  MHz,  CDCI3)   6  2.10   (1  H,  bs),   2.78   (2  H,  dd,   J  =  3.0, 

13.2  Hz)  3.12  (2  H,  dd,  J  =  5.0,  12.2  Hz),  3.36  (6  H,  s), 
4.08-4.14  (2  H,  m),  4.75  (4  H,  dd,  J  =  6.8  Hz);  HRMS  calcd. 
for  C8H17NO4  (M++l):  192.1158.  Found  192.1210. 

Diethvl-L-Malate  418  (133).  L-Malic  acid  (5.0  g,  37.3  mmol) 
was  dissolved  in  ethanol  (46  mL)  and  cooled  in  ice.  Sulfuric 
acid  (2  mL,  98%)  was  added  slowly  to  the  reaction  mixture 
under  stirring.  The  reaction  was  then  refluxed  and  monitored 
by  TLC.  After  refluxing  the  mixture  for  65  hours  there  was 
still  some  starting  acid  visible  but  the  reaction  was  worked 
up  anyway.  The  reaction  was  cooled  and  ether  (80  mL)  was 
added.  This  was  extracted  with  20%  sodium  carbonate  (3  x  30 
mL)  and  brine  (1  x  30  mL).  The  organic  layer  was  dried  and 
evaporated  in  vacuo  to  yield  an  oil  (4.82  g,  29.9  mmol,  80%). 
IR(neat)  3486,  2983,  1722,  1182,  1105  cnr1.^  NMR  (300  MHz, 
CDCI3)  6  1.30   (6  H,  m),  2.84   (2  H,  m) ,   3.42   (1  H,  d,  J  =  6.5 

Hz),  4.13-4.30  (4  H,  m)  ,  4.50  (2  H,  m)  .  13C  NMR  (75  MHz, 
CDCI3)   6   13.83    (3),    38.35    (2),    61.10    (2),    61.85    (2),  67.23 

(1),  170.39  (0),  173.25  (0). 
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Diethyl  (2S)-0-tert-butvlmalate  419  (133).  2-Metiiylpropene 
(excess)  was  distilled  to  a  suspension  of  diethyl  malate 
(1.0  g,  5.2  mmol)  and  amberlyst  resin  H-15  (200  mg)  in 
hexanes  (10  mL)  at  -20°C  in  a  pressure  flask.  The  reaction 
was  warmed  up  to  room  temperature  stirred  overnight.  The 
reaction  was  then  re-cooled  to  -20  °C  and  under  positive 
pressure  of  argon  the  reaction  flask  was  opened.  Excess 
hexane  (30  mL)  was  added  to  the  reaction  and  filtered. 
Potassium  carbonate  was  added  to  this  solution  and  then 
washed  with  water  dried  and  evaporated  to  yield  product  (1.2 
g,  4.8  mmol,  92%).  *H  NMR  (300  MHz ,  CDC13)  6  1.21   (9  H,  s), 

1.28  (3  H,  t,  J  =7.1  Hz),  1.27  (3  H,  t,  J  =7.1  Hz),  2.67-2.64 
(2  H,  m),  4.09-4.23  (4  H,  m) ,  4.46  (1  H,  dd,  J  =5.6,  7.8  Hz). 
13C  NMR   (75  MHz,   CDCI3)    6  14.01    (3),    27.58    (3),    39.39  (2), 

60.55  (2),  60.86  (2),  68.43  (1),  75.39  (0),  170.05  (0), 
173.02  (0). 

( 2S ) -2- tert-Butoxv-1 , 4-butanediol  420  (133).  Lithium  aluminum 
hydride  (3.83  g,  95.9  mmol)  was  weighed  out  and  taken  in  a 
flask  flushed  with  argon.  Dry  ether  (150  mL)  was  added  drop 
wise  into  the  reaction  flask,  some  bubbling  was  observed.  The 
solution  was  cooled  in  ice  and  the  diethyl  (2S)-0-tert- 
butylmalate  (10.0,  g,  40.6  mmol)  in  ether  (50  mL)  was  added 
drop  wise  under  stirring,  vigorous  bubbling  was  observed. 
After  the  bubbling  subsided  the  reaction  was  removed  from  the 
ice  bath  and  refluxed  for  eight  hours  when  the  reaction  as 
observed  to  be  complete  by  TLC.  The  reaction  was  cooled  in  an 
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ice  bath  and  sat.  Rochelle ' s  salt  solution  (80  mL)  was  added 
drop  wise.  This  was  allowed  to  stir  for  about  16  hours.  Only 
the  organic  layer  flowed  out  of  the  reaction  flask  after  this 
work  up.  The  organic  layer  was  and  dried  evaporated  in  vacuo 
to  yield  an  oil  (6.57  g,  39.8  mmol,  98%).  This  was  further 
purified  by  distilling  (0.05  mm,  110  °C)  (6.04  g,  36.5  mmol, 
90%).  IR  (Neat)  3346.4,  2971.8,  1466.9,  1389.7,  1367.7, 
1191.4,   1059.2  cnr1.1!!  NMR  (300  MHz,   CDC13)   6  1.15    (9  H,  S), 

1.74  (2  H,  m),  3.38  (1  H,  s),  3.49  (2  H,  m)  3.65-3.73  (4  H, 
m).13C  NMR  (CDCI3)  28.26  (3),  35.88  (2),  59.10  (2),  65.20  (2), 
69.98  (1),  74.27  (0).  MS  m/z  (relative  intensity)  163  (M+, 
28%)  107  (81%),  71  (100%).  HRMS  exact  mass  calc.  for 
C14H10SO2  (M+)  163.133:  found  163.135. 

( 2S ) -2- tert-Butoxv-1 . 4 -bis (methvlsulf onvloxv) butane  421 
(133).  (2S)-2-tert-Butoxy-l,4-butanediol  (1.0  g,  6.2  mmol) 
was  weighed  into  the  flask  and  methylene  chloride  (10  mL)  was 
added.  To  the  stirred  reaction  flask  distilled  triethylamine 
(2.6  mL,  18.5  mmol)  was  added  drop  wise  followed  by  cooling 
the  reaction  in  ice.  Methanesulfonyl  chloride  (1.2  mL,  15.4 
mmol)  was  added  drop  wise  under  stirring.  The  reaction  was 
stirred  at  0°C  for  10  minutes  then  warmed  upto  room 
temperature  and  further  stirred  for  25  minutes.  Ice  was  added 
to  the  reaction  flask  followed  by  adding  more  methylene 
chloride  (30  mL).  The  organic  layer  was  washed  with  1  M.  HC1 
followed  by  washing  with  saturated  sodium  carbonate  solution. 
This  gave  an  emulsion  which  was  very  hard  to  separate.  The 
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organic  layer  was  then  dried  over  anhydrous  sodium  sulfate 
and  evaporated  in  vacuo  to  yield  an  oil  which  solidified  on 
freezing  (1.92  g,  6.1  nunol  98%)  IR  (CDC13)  2932.2,  1343.8, 
1173.4,  950.1,  cm-1.  NMR  (CDCI3)  1.23  (s,  9  H),  1.90-1.99 
(1  H,  m),  2.01-2.08  (1  H,  m)  3.04  (3  H,  s),  3.07  (3  H,  s), 
3.95  (1  H,  m),  4.18  (2  H,  m) ,  4.36  (2  H,  m) .  13C  NMR  (CDCI3) 
28.13   (3),   32.57   (2),   37.22(3),   37.48   (3),   65.32   (1),  66.25 

(2)  ,  71.61  (2),  74.90  (0).  HRMS  calcd.  for  C6H15S2O7  (M++l): 
263.0259.  Found  263.0253. 

( 3S ) -3- tert-Butoxv-M-hvdroxvpyrrolidine  422  (133).  (2S)-2- 
tert-Butoxy- 1,4 -bis (methylsulf onyloxy ) butane  (1.0  g,  3.14 
mmol)  was  weighed  into  the  reaction  flask  followed  by 
addition  of  hydroxyl  amine. HC1.  Triethylamine  (10  mL)  was 
added  to  this  mix  under  stirring.  The  reaction  was  refluxed 
for  four  hours.  The  triethylamine  was  evaporated  off  and  the 
remnant  was  extracted  with  ether  (3  x  30  mL)  and  dried  and 
evaporated  in  vacuo  to  yield  an  oil  (0.311  g,  1.95  mmol, 
62%). IR  (CDCI3)  3226.0,  2978.2,  1455.4,  1384.9,  1381.4, 
1208.6  cm-1.  lH  NMR  (CDCI3)  1.17  (9  H,  s)  1.70  (1  H,  m) ,  2.21 
(1  H,  m),  2.85  (1  H,  dd,  J  =12.0,  7.0),  3.02  (1  H,  m) ,  3.15 
(1  H,  m),  3.24  (1  H,  m),  4.43  (1  H,  m) .  13C  NMR  (CDCI3)  28.36 

(3)  ,  32.26  (2),  57.56  (1),  66.15  (2),  69.83  (2),  73.50  (0). 

(3S) -3- tert-Butoxv-1 -pyrrolidine  N-oxide  423  (133).  (3S)-3- 
tert-Butoxy-N-hydroxypyrrolidine  (0.276  g,  1.75  mmol)  was 
weighed  out  into  the  reaction  flask,  the  flask  was  flushed 


159 


with  argon,  methylene  chloride  (5  mL)  was  syringed  into  the 
reaction  flask.  The  reaction  was  cooled  to  0°c. 
Mercury ( II ) Oxide  (0.563  g,  2.6  mmol)  was  added  in  small 
portions.  The  reaction  was  stirred  vigorously  in  ice  for  two 
hours  followed  by  warming  the  reaction  up  to  room  temperature 
and  stirred  for  six  hours  the  reaction.  The  reaction  was 
filtered  through  celite  and  evaporated  in  vacuo  to  yield  an 
oil  which  turned  to  a  paste  on  standing  (0.194  g,  1.24  mmol, 
71%);   [a]25D  -81.0   (c  0.02  g/mL,  CH2CI2).   IR  (CDCI3)  2986.5, 

1584.2,  1455.9,  1366.8,  1255.1,  1184.6,  1073.0  cm"1.  *H  NMR 
(CDCI3)  1.23  (9  H,  s)  2.09(1  H,  m) ,  2.59  (1  H,  m) ,  3.84  (1  H, 
m),  4.10  (1  H,  m),  4.76  (1  H,  m) ,  6.83  (1  H,  dd,  J  =  1.7, 
3.2).  13C  NMR  (CDCI3)  27.86  (3),  29.99(2),  60.85  (2),  71.10 
(0),  74.41  (1),  135.53  (1). 

N- ( Z-ft-alanine ) norcocaine  427.  Z-0-Alanine  (0.055  g,  0.24 
mmol)  was  dissolved  in  CH2CI2  (5  mL)  and  the  solution  cooled 
to  0°C.  l-cyclohexyl-3-(2-morpholinoethyl)  carbodiimide  p- 
toluene  sulphonate  (0.102  g,  0.24  mmol)  was  added  with 
stirring.  Norcocaine  (0.055  g,  0.19  mmol)  was  added  to  CH2CI2 
(3  mL)  and  it  partially  dissolved.  Upon  addition  of  this 
mixture  to  the  cooled  solution  of  acid  and  diimide  all  the 
solid  dissolved.  The  resulting  solution  was  stirred  at  0°C 
and  allowed  to  warm  gradually  to  ambient  temperature.  After 
15h  the  reaction  mixture  was  partitioned  with  water  and  the 
organic  layer  washed  with  dil.  Na2CC>3  (pH  8-9),  (2  x  30  mL), 
and  sat.  NaCl  soln.  (2  x  30  mL).  The  organic  layer  was  dried 
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over  MgS04,  filtered  and  the  solvent  removed  under  reduced 
pressure  to  yield  a  clear  oil  (0.0805  g),  which  was  two  spots 
by  TLC  (100%  ethyl  acetate)  Rf  0.48,  0.32.  Flash 
chromatography  on  silica  gel  using  Ethyl  acetate  as  eluting 
solvent  isolated  the  desired  product,  R£=  0.48,  as  a  clear 
oil.  (0.069  g,  0.14  mmol,  75%).  IR  (CDCI3,  cm"1)  3444,  2961, 
1710,  1637,  1508,  1448,  1278;  !h  NMR  (CDC13,  300  MHz)  6  1.75 
-2.2  (6  H,  m),  2.54  (3H,  m) ,  3.16  (0.7H,  d,  J  =  4.3  Hz),  3.18 
(0.3H,  d,  J  =  4.3  Hz),  3.43-3.56  (2H,  m) ,  3.58  (1  H,  S),  3.62 
(2  H,  s),  4.32  (2H,  bs ) ,  4.42  (1H,  m) ,  4.84-5.19  (3H,  m), 
5.50  (1H,  m),  5.62  (0.3  H,  bs),  5.78  (0.7  H,  bs )  7.20-7.40  (8 
H,  m)  7.95  (2  H,  m);  13C  NMR  (CDCI3,  75  MHz)  d:  26.41,  26.77, 
28.52,  29.01,  32.99,  33.20,  33.51,  34.23,  36.67,  36.95, 
48.52,  48.57,  49.01,  50.19,  50.27,  51.72,  51.96,  52.82, 
52.89,  53.41,  55.04,  66.14,  66.37,  127.81,  127.94,  128.37, 
129.53,  133.23,  136.70,  156.52,  165.59,  167.74,  170.34.  HRMS 
calcd.  for  C27H31N2O7  (M++l)s  495.2131,  found  495.2053. 

N-P-alaninenorcocaine  42  8.  The  norcocaine  derivative  (0.083 
g,  0.16  mmol)  was  dissolved  in  freshly  distilled  THF  (3  mL). 
Palladium  on  carbon  (25  mg,  30%  w/w)  and  1,4-cyclohexadiene 
(0.34  mL,  3.2  mmol)  were  added  and  the  mixture  refluxed  for 
4hours.  TLC  (100%  EtOAc )  indicated  that  all  the  starting 
material  had  been  used  up  and  a  new,  ninhydrin-active, 
baseline  spot  had  appeared.  The  catalyst  was  removed  by 
filtration  through  celite  and  washed  with  ether  suspended 
over  anhydrous  magnesium  sulfate,  the  solvent  removed  under 
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reduced  pressure  to  yield  a  clear  oil  (0.060  g,  0.16  mmol, 
90%):  IR  (CDCI3,  cm-1)  3442(3),  2957,  1716,  1633,  1511,  1452, 
1275,   1070,   1025,   944,   843;   !h  NMR  (CDC13,   300  MHz)     d  1.80- 

2.20  (9  H,  m),  2.65-2.30(3  H,  m),  3.05  (2H,  bs),  3.22  &  3.14 
(1H,  2  dd,  J  =  6.4  Hz,  3.2  Hz),  3.67  (3  H,  s),  4.39  &4.52 
(1H,  2m),  4.96  &  5.10  (1H,  2m),  5.50  (1H,  m),  7.60-7.40  (3H, 
m),  7.95  (2H,  m) ;  13C  NMR  (CDCI3,  75  MHz)  d:  23.86,  26.71, 
28.44,  29.10,  29.92,  33.18,  33.48,  34.19,  36.91,  48.49, 
50.27,  51.94,  52.85,  53.47,  62.37,  66.12,  66.32,  67.58, 
67.73,  107.27,  107.83,  127.80,  128.36,  129.5,  133.23,  165.65, 
167.99,  170.18.  HRMS  calcd.  for  C19H24N2O5  (M++l):  361.1685, 
found  361.1765. 

N-p-alaninenorcocaine-succinic  acid  42  9.  The  free  amine 
(0.037  g,  0.102  mmol)  generated  in  the  previous  reaction  was 
redis solved  in  THF  (2  mL)  to  give  a  concentration  of  0.047M. 
Succinic  anhydride  (0.102  g,  1.02  mmol)  was  dissolved  in 
chloroform  (10  mL)  and  1  mL  of  this  solution  was  added  to  the 
solution  of  free  amine  and  the  solution  dried.  The  solution 
was  stirred  at  RT  for  20  hours,  then  the  solvent  was  removed 
under  reduced  pressure  and  the  resulting  oil  analyzed  (0.047 
mg,  0.10  mmol,  99%  )  This  compound  was  98%  pure  by  HPLC.  IR 
(CDCI3,  cm"1)  3394,  3028,  1735,  1719,  1632,  1535,  1452,  1275, 
1215,  1177;  !H  NMR  (CDC13,  500  MHz)  6  1.80  &  2.20  (6  H,  m) , 
2.45-2.32  (1H,  m) ,  2.65-2.48  (4  H,  m)  2.74-2.66  (2  H,  m)  3.20 
&  3.16  (1H,  2  dd,  J  =  6.4  Hz,  3.2  Hz),  3.61-2.45(2  H,  m)  3.65 
&  3.61   (3  H,  2s),     4.80  &4.45  (1H,  2m),  5.05  &  4.52(1H,  2m), 
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5.50  (1H,  m),  7.04  &  7.12  (1H,  2  bt),  7.60-7.40  (3H,  m) ,  7.95 
(2H,  m).13C  NMR  (CDC13,  125  MHz)  d  26.37,  26.84,  28.37,  29.99, 

30.76,  32.51,  32.99,  33.18,  34.32,  35.09,  35.17,48.42,  48.67, 
51.93,  52.01,  53.15,  53.58,  54.99,  66.03,  66.30,  126.16, 
129.67,  130.54,  133.34,  165.63,  168.07,  170.62,  172.62, 
175.29.  HRMS  calcd.  for  C23H28N2O8  (M++l):  461.1846,  found 
461.1856. 

Synthesis  of  MAP  (Multiple  antigen  peptide)  Boc8-Lys4-Lys2- 
Lys-p-ala-PAM  Resin  (126.0  mg,  0.071  mmol  of  Boc,  based  on 
0.6  mmol/g)  was  presoaked  in  methylene  chloride  (30  mL)  in  a 
solid  phase  set  up  with  bubbling  nitrogen  overnight,  followed 
by  addition  of  trif luoroacetic  acid  (5  mL)  the  volume  of 
methylene  chloride  was  periodically  made  up  to  compensate  for 
evaporative  loss.  After  24  hours,  more  trif luoracetic  acid 
was  added  and  allowed  to  bubble  for  24  hours.  The  beads  were 
tested  using  the  kaiser's  test  to  indicate  the  presence  of 
free  amino  groups.  The  resin  was  washed  with  methylene 
chloride  (5  x  30  mL)  then  shaken  with  5%  triethyl  amine  (2  x 
30  mL)  for  five  minutes,  then  washed  with  methylene  chloride 
(3  x  30  mL)  and  the  above  steps  repeated.  429  (36.0  mg,  0.078 
mmol)  in  methylene  chloride  (10  mL)  was  then  added  to  a 
suspension  of  the  resin  followed  by  diisopropylcarbodiimide 
(10.2  mg,  0.081  mmol)  in  methylene  chloride  (1  mL)  and  a 
suspension  of  hydroxybenzotriazole  (10  mg,  0.078  mmol)  in 
methylene  chloride  (10  mL)  were  then  added.  The  reaction  was 
bubbled  for  48  hours.  Kaiser  test  showed  presence  of  free 
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amino  groups,  the  above  reactants  added  in  the  same  amounts 
were  added  one  more  time,  12  hours  after  the  second  addition 
the  reaction  was  complete.  The  peptide  was  cleaved  from  the 
bead  using  anhydrous  hydrofluoric  acid,  washed  with  anisole, 
ether,  neutral  buffer  followed  by  extraction  with  acetic 
acid.  The  acetic  acid  was  evaporated  in  vacuo  to  give  the 
desired  map  (18.8  mg,  45%),  MALDI  shows  peaks  in  the  region 
of  the  desired  molecular  weight. 

Coupling  of  the  Nor-acid  with  a  protein  carrier  To  429  (80 
mg,  0.174  mmol)  was  added  DMF  (1  mL)  followed  by  addition  of 
a  ECD  solution  (33.4  mg,  0.174  mmol)  in  water  (0.5  mL),  to 
this  mix  was  added  N-hydroxysuccinamide  (40.0  mg,  0.348  mmol) 
in  water  (0.5  mL) .  The  solution  obtained  was  cloudy,  DMF  (1 
mL)  was  added  to  clarify  the  solution.  This  solution  (A)  was 
incubated  at  room  temperature  for  an  hour  on  the  orbital 
shaker. 

Coupling  with  BSA:  BSA  (33.8  mg,  0.497  mmol)  was  dissolved  in 
0.1  M.  NaHC03  solution  (1.0  mL),  this  was  added  to  the 
solution  A  (1.5  mL).  The  above  solution  was  allowed  to  stir 
overnight  at  0°C. After  16  hours  the  reaction  was  allowed  to 
warm  upto  room  temp. 

Coupling  with  KLH:  KLH  (8.7  mg)  was  dissolved  in  water  (0.87 
mL)  and  added  to  the  solution  A  (1.5  mL).  The  solution  turned 
cloudy  and  a  precipitate  was  observed.  The  solution  was 
stirred  overnight  at  0°C.  After  16  hours  the  reaction  was 
allowed  to  warm  to  room  temp. 
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Both  the  above  reactions  were  dialyzed  against  NaKP04  buffer 
(50  mmol,  1  L)  at  pH  8.0.  The  dialyzing  tube  had  a  molecular 
weight  cutoff  of  12-14000.  The  dialysis  was  carried  out  in 
the  refrigerator  at  4°C,  overnight,  the  dialysis  solutions 
were  changed  at  4  and  16  hours.  After  20  hours  the  dialyzed 
conjugate  was  collected  and  lypholized. 

The  same  reactions  were  repeated  with  14C  labelled  42  9  (The 
label  was  incorporated  in  the  last  coupling  step  using 
radiolabeled  succinic  anhydride).  The  initial  radioactivity 
of    429   used    for   coupling   with    BSA   was    1.107    yiCi.  The 

radioactivity  measured  in  the  429-BSA  conjugate  was  0.112 
|i,Ci.   Based  on  the   five  fold  excess   started  out  with  the 

percentage  incorporation  was  50.5%,  which  would  mean  17-18 
lysines  were  coupled  with  the  hapten.  The  initial 
radioactivity  of  42  9  used  for  coupling  with  KLH  was  1.186 
fiCi.  The  radioactivity  measured  in  the  42  9-KLH  conjugate  was 
0.018  uCi.  Based  on  the  five  fold  excess  started  out  with  the 
percentage  incorporation  was  7.5%,  which  would  mean  about  75 
lysines  were  coupled  with  the  hapten. 

2-Allyloxy  benzaldehyde  537,  (  179  ).  A  solution  of 
salicylaldehyde  (19.2  mL,  0.18  mole),  allyl  bromide  (16.0  mL, 
0.185  mole)  and  potassium  carbonate  (29.9  g,  0.217  mole)  in 
dry  acetone  (40  mL)  was  stirred  under  reflux  for  3  hours.  The 
reaction  was  cooled  to  room  temperature  and  poured  into 
water.  The  aqueous  phase  was  extracted  with  ether  (3  x  7  0 
mL),  the  ether  extracts  were  combined,  dried  and  evaporated 
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in  vacuo    to  yield  an  oil   (27.96  g,  0.17  mole,   94%).   lE  NMR 
(CDC13/  500  MHz )  6  4.66  (2  H,  m)  5.33  (1  H,  m) ,  5.45  (1  H,  m), 
6.04-6.12  (1  H,  m),  6.97  (1  H,  d,  J=8.3  Hz),   7.02   (1  H,  t,  J 
=7.8),    7.53    (1  H,   m)    7.84   (1  H,    m) ,    10.55    (1   H,    s).  NMR 
(CDC13,    75   MHz )    6  69.06    (2),    112.67(2  ),    117.92    (1  ),  120.75 

(1),  124.97  (1),  128.26  (1),  132.37  (0),  135.75  (1),  160.84 
(0),  189.63  (1). 

2-Cinnamyloxy  benzaldehyde  53  8.  Potassium  carbonate  (2.48  g, 
18.0  mmol)  was  weighed  into  the  reaction  flask  followed  by 
addition  of  cinnamyl  bromide  (3.22  g,  16.4  mmol)  followed  by 
syringing  in  salicylaldehyde  (2.00  g,  1.74  mL,  16.4  mmol). 
The  reaction  vessel  was  flushed  with  dry  nitrogen  for  a  few 
minutes  followed  by  the  addition  of  dry  acetone  (5  mL),  under 
nitrogen.  The  reaction  was  stirred  under  reflux.  It  is 
important  to  perform  this  reaction  under  dry  conditions.  Any 
acetone  leaking  out  of  the  reaction  flask  causes  the  reaction 
to  turn  a  dark  brown  color,  compared  to  the  usual  dark  yellow 
color,  and  adversely  influences  the  yield  of  the  reaction. 
After  four  hours  the  reaction  was  poured  into  water  (100  mL). 
Longer  reaction  times  lead  to  formation  of  a  polymeric 
material  as  a  by  product.  The  aqueous  layer  was  extracted 
with  ether  (2  x  75  mL),  the  organic  layers  combined  and 
extracted  with  sat.  sodium  bicarbonate  (2  x  50  mL)  and  brine 
(50  mL).  The  organic  layer  was  then  dried  using  anhydrous 
magnesium  sulfate,  filtered  and  evaporated  in  vacuo  to  yield 
an  yellow  oil  (3.83,   16.1  mmol,   98%). IR  (CHCI3)    3026,  2862, 
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1686,  1588,  1482,  1455,  1378,  1286,  1238  cm"1;  *H  NMR 
(CDC13,  300  MHz)  6  4.72  (2  H,  dd  J  =5 . 7 ,   1.5),  6.36   (1  H,  dt, 

J  =15.9,  5.7),  6.65  (1  H,  d,  J=15.9  Hz),  6.98  (2  H,  m)  7.19- 
7.52  (6  H,  m),  7.83  (1  H,  dd,  J  =8.2,  1.8)  10.55  (1  H,  s). 
13C  NMR  (CDCI3,    75  MHz)   6  68.83   (2),    112.71   (1),    120.63  (1), 

123.16  (1),  124.84  (1),  126.39  (1),  127.76  (1),  127.93  (1), 
128.12  (1),  128.43  (1),  133.21  (0),  135.70  (0),  160.74(0), 
189.46  (1).  MS  m/z  (relative  intensity)  91  (7%),  117  (100%), 
121  (4%),  238  (5%).  HRMS  exact  mass  calc.  for  C16H14O2 
238.0994:  found  238.0948. 

N-Methyl-a- ( 2-allyloxv-phenyl )  nitrone  53  9.  Sodium  hydroxide 
(0.392  g,  9.80  mmol)  was  dissolved  in  water  (1.2  mL)  and 
cooled  to  0°C.  2-allyloxy  benzaldehyde  (0.500  g,  3.08  mmol) 
was  then  added  followed  by  the  addition  of  N-methyl 
hydroxy lamine.HCl  (0.514  g,  6.16  mmol).  The  reaction  was  then 
allowed  to  warm  upto  room  temperature  and  stirred  vigorously 
for  90  minutes,  the  reaction  was  cooled  back  to  0°C  and 
methylene  chloride  (50  mL)  added.  The  mixture  was  shaken  well 
and  the  organic  layer  was  dried  and  evaporated  in  vacuo  to 
yield  an  oil  (0.571  g,  3.0  mmol,  97%).  IR  (Neat)  3082.0, 
2949.8,  2872.7,  1593.5,  1571.5,  1477.9,  1455.8,  1207.1, 
1241.0,   1163.9,   993.1  cm"1.    *H  NMR  (CDCI3,   500  MHz)   6  3.85  (3 

H,  s),  4.56  (2  H,  dt,  J=  1.5,  5.4  Hz),  5.31  (1  H,  m),  5.40 
(1  H,  dq,  J  =1.5,  17.1  Hz),  6.01-6.09  (1  H,  m) ,  6.85  (1  H,  d, 
J=  8.3  Hz),  7.02  (1  H,  t,  J=7.4),  7.33  (1  H,  m) ,  7.82  (1  H, 
s),  9.26  (1  H,  m)   .  13C  NMR  (CDCI3,  75  MHz)  6  54.56  (3),  68.93 
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(2),  110.85  (2),  117.75  (1),  119.52  (1),  120.56  (1),  128.32 
(1),  129.52  (1),  131.17  (1)  132.52  (0),  160.84  (0). 


N-Methyl-a-  ( 2-cinnamyloxy-phenvl )  nitrone  540.  Cinnamyl 
salicylate  was  syringed  into  the  reaction  vessel  (0.500  g, 
2.11  mmol)  as  a  solution  in  methylene  chloride  followed  by 
evaporation  of  the  solvent.  To  this  was  added  a  solution  of 
sodium  hydroxide  (0.185  mg,  4.64  mol)  in  water  (2  mL)  and 
stirred.  The  methyl  hydroxy lamine  hydrochloride  (0.352  g, 
4.22  mmol)  was  then  added  to  the  reaction  mixture  under 
stirring.  This  reaction  was  stirred  at  room  temperature  for  5 
hours  followed  by  the  addition  of  ethanol  (2  mL)  to 
homogenize  the  reaction  mixture  and  allowed  to  stir  for  12 
hours  more.  The  solvent  was  then  evaporated,  the  crude  was 
purified  using  flash  chromatography,  using  10:90  ethyl 
acetate  :  petroleum  ether  eluent,  followed  by  methanol  to  get 
the  nitrone  (  0.350  g,  1.31  mmol,  62%)  the  nitrone  has  a  very 
high  affinity  for  the  silica,  and  losses  were  observed  on  the 
column.  It  was  also  observed  that  over  a  period  of  time  the 
nitrone  under  goes  a  slow  cyclization  to  the  isoxazolidine 
552.  540:  IR  ( CHCI3 )  3027.0,  2968.6,  1595.2,  1570.6,  1482.2, 
1452.7,  1305.3,  1236.5,  1162.9  cm"1.  lH  NMR  (CDCI3,  500  MHz)  6 
3.87  (3  H,  s),  4.73  (2  H,  d,  J=  5.5  Hz),  6.41  (1  H,  dt,  J= 
15.9,  6.0  Hz),  6.71  (1  H,  d,  J  =  15.9  Hz),  6.92  (1  H,  d,  J 
=8.3  Hz),  7.03  (1  H,  t,  J=7.8  Hz),  7.19-7.52  (6  H,  m) ,  7.87 
(1  H,  s),  9.28  (  1  H,  dd,  J  =8.0,  1.1  Hz).  13C  NMR  (CDCI3,  75 
MHz)   6  54.67    (3),    69.12   (2),    111.07    (1),    120.86   (1),  123.71 
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(1),  126.42  (1),  126.50  (1),  127.80  (1),  128.09  jl),  128.21 
(1),   128.60   (1),    129.90   (1),    131.45   (0),   133.62   (0),  155.79 

(0)  .  MS  m/z  (relative  intensity)  68  (10%),  117  (100%),  130 
(6%),  134  (9%),  221  (16%),  267  (56%).  HRMS  exact  .nass  calc. 
for  C17H17NO2  (EI)  267.1259  :  found  267.1253. 

The  stereochemistry  of  the  nitrone  was  determined  to  be  cis 
using  NOE  difference  spectroscopy.  An  enhancement  of  8.8%  was 
seen  between  the  proton  at  7.87  ppm  and  3.87  ppm. 
1 , 2 , 3 , 3a, 4 , 9b-hexahvdro-l-methvl-3-phenylbenzopyranor  4 , 3-cl 
isoxazole  552.  IR  (CHCI3)  3025,  2870,  1607,  1578,  1484,  1455, 
1302,  1219  cm"1;  XH  NMR  (CDCI3,  500  MHz)  6  2.81-2.87  (1  H, 
m),  2.97  (3  H,  s),  3.74  (1  H,  bs ) ,  4.23  (2  H,  m) ,  4.80  (1  H, 
d,  J  =4.9)  6.94-6.99  (2  H,  m) ,  7.20-7.29  (2  H,  m) ,  7.30-7.40 
(3  H,  m),  7.45-7.50  (2  H,  m) .  13C  NMR  (CDCI3,   75  MHz)  6  43.48 

(1)  ,  48.90  (3),  65.36  (2),  65.85  (1),  80.95  (1),  117.41  (1), 
119.28  (1),  121.18  (1),  126.69  (1),  128.28  (1),  128.69  (1), 
129.54  (  1),  130.  62  (  0),  139.  71  (  0),  155.67  (0).  MS  m/z 
(relative  intensity)  76  (13%),  117  (100%),  131  (24%),  134 
(26%),  221  (  24%),  267  (50%).  HRMS  exact  mass  calc.  for 
C17H17NO2  (EI)  267.1259  :  found  267.1264. 

N-Benzyl-a-  (  2-allvloxy-phenyl )  nitrone  5  41.  W-benzyl 
hydroxylamine  hydrochloride  (0.320  g,  2.0  mmol)  was  suspended 
in  methylene  chloride  (6  mL)  and  triethylamine  (0.90  mL,  6.0 
mmol)  was  added  to  it,  this  dissolved  the  W-benzyl 
hydroxylamine  hydrochloride  followed  by  the  precipitation  of 
the    triethylamine    hydrochloride    salt.    This    mixture  was 
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stirred  for  five  minutes  followed  by  filtration.  The  filtrate 
was  subjected  to  high  vacuum  for  a  few  minutes  to  ensure 
excess  triethylamine  was  evaporated.  This  solid  was  titurated 
with  ether  (8  mL)  and  filtered.  The  filtrate  was  dried  over 
anhydrous  sodium  sulfate  followed  by  evaporation  in  vacuo  to 
yield  a  clear  oil  (0.22  g,  1.78  mmol,  89%)  which  crystallized 
to  a  solid  on  standing.  The  free  W-benzyl  hydroxylamine  was 
then  dissolved  in  methylene  chloride  (15  mL),  under  stirring 
salicylallyl  ether  (0.291  g,  1.79  mmol)  dissolved  in 
methylene  chloride  (10  mL)  was  added.  The  reaction  was 
allowed  to  stir  under  room  temperature  for  20  hours.  The 
solvent  was  evaporated  and  the  oil  obtained  (0.463  g,  1.73 
mmol,   96   %).   IR  (CHCI3)   3071,   2855,    1590,   1562,    1476,  1454, 

1421,  1308,  1281,  1243,  1243,  1156,  1005,  989  cm"1;  NMR 
(CDCI3,    300  MHz)   5  4.52    (2   H,    d,    J  =4.1),    5.06    (2    H,  s), 

5.24-5.31  (2  H,  m) ,  5.93-6.05  (1  H,  m) ,  6.83  (1  H,  d,  J  =8.2 
Hz),  7.00  (1  H,  t,  J  =7.7  Hz)  7.25-7.49  (8  H,  m) ,  7.92  (1  H, 
s)  9.27  (   1  H,  d,  J  =7.7  Hz).   13C  NMR  (CDCI3,   75  MHz)   6  68.98 

(2),  71.42  (2),  111.03  (2),  117.54  (1),  119.71  (1),  120.83 
(1),  128.32  (1),  128.69  (1),  128.78  (1),  128.98  (1),  129.15 
(1),  131.44  (1),  132.58  (0),  133.43  (0),  155.86  (0).  MS  m/z 
(relative  intensity)  91  (100%),  121  (23%),  145  (25),  267 
(11%).  HRMS  exact  mass  calc.  for  C17H17NO2  (EI)  267.1259: 
found  267.1251. 

The  stereochemistry  of  the  nitrone  was  determined  to  be  cis 
using  NOE  difference  spectroscopy.  An  enhancement  of  8.6%  was 
seen  between  the  proton  at  7.92  ppm  and  5.06  ppm 
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N-Benzyl-a- ( 2-cinnamvloxy-phenyl )  nitrone  5  42.  N-benzyl 
hydroxy 1 amine  hydrochloride  (0.859  g,  5.38  mmol)  was  supended 
in  methylene  chloride  (15  mL)  and  triethylamine  (2.25  mL, 
16.1  mmol)  was  added  to  it,  this  dissolved  the  W-benzyl 
hydroxylamine  hydrochloride  followed  by  the  precipitation  of 
the  triethylamine  hydrochloride  salt.  This  mixture  was 
stirred  for  five  minutes  followed  by  filtration.  The  filtrate 
was  subjected  to  high  vacuum  for  a  few  minutes  to  ensure 
excess  triethylamine  was  evaporated.  This  solid  was  titurated 
with  ether  (20  mL)  and  filtered.  The  filtrate  was  dried  over 
anhydrous  sodium  sulfate  followed  by  evaporation  in  vacuo  to 
yield  a  clear  oil  (0.619  g,  5.03  mmol,  93%)  which  crystalized 
to  a  solid  on  standing.  The  free  tf-benzyl  hydroxylamine  was 
then  dissolved  in  methylene  chloride  (15  mL),  under  stirring 
salicylcinnamyl  ether  (1.197  g,  5.0  3  mmol)  dissolved  in 
methylene  chloride  (10  mL)  was  added.  The  reaction  was 
allowed  to  stir  under  room  temperature  for  20  hours.  TLC 
(30:70,  EA:PE)  indicated  complete  conversion  of  reaction.  The 
solvent  was  evaporated  and  the  oil  obtained  was  purified  by 
flash  chromatography  (30:70,  EA:PE),  to  give  a  white  solid 
(1.23  g,  3.59  mmol,  71  %).  The  solid  was  recrystallized  from 
ethyl  acetate  and  petroleum  ether.  MP:   80-82  °C;  IR  (CHCI3) 

3010,  1596,  1569,  1476,  1455,  1308,  1288,  1163,  1146,  1009 
cm"1;   1h  NMR  (CDC13/   300  MHz)  6  4.65    (2  H,   d,   J  =5.9),  5.02 

(2  H,  s),  6.32  (1  H,  dt,  J  =  15.9,  5.9),  6.65  (1  H ,  d,  J  = 
15.9  Hz),   6.88  (1  H,  d,  J  =  8.3  Hz),    6.99   (1  H,   t,   J  =  7.6 
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Hz)  7.19-7.52  (11  H,  m) ,  7.87  (1  H,  s)  9.30  (  1  .,  dd,  J  = 
8.0,  1.5  Hz).  13C  NMR  (CDCI3,  75  MHz )  6  69.05  (2),  71.34  (2), 
111.07  (1),  119.74  (1),  120.83  (1),  123.73  (1),  126.46(1), 
127.34  (1),  128.00  (1),  128.14  (1),  128.34  (1),  128.52  (1), 
128.65  (1),  128.77  (1),  129.00  (1),  131.40  (0),  133.37  (0), 
136.06  (0),  155.88(0).  MS  m/z  (relative  intensity)  65  (7.3%), 
77  (9.5%),  91  (25%),  107  (21),  117  (  100%),  131  (85%),  222 
(43%),  343  (32%).  HRMS  exact  mass  calc.  for  C23H21NO2  (EI) 
343.1572:  found  343.1571. 

The  stereochemistry  of  the  nitrone  was  determined  to  be  cis 
using  NOE  difference  spectroscopy.  An  enhancement  of  8.5%  was 
seen  between  the  proton  at  7.87  ppm  and  3.87  ppm. 

2-Cinnamovloxv  benzaldehyde  5  44.  Cinnamoylchloride  (10.2  g, 
61.5  mmol)  was  weighed  into  the  flask,  followed  by  the 
addition  of  salicylaldehyde  (5.0  g,  4.4  mL,  41.0  mmol).  The 
reaction  flask  was  flushed  with  nitrogen  and  distilled 
pyridine  was  syringed  in  (13  mL).  The  reaction  was  refluxed 
and  followed  by  TLC.  After  4  8  hours  the  reflux  was  removed 
the  reaction  cooled  and  poured  into  water  (100  mL) .  This  was 
then  extracted  with  ether  (3  x  40  mL),  the  ether  extracts 
combined  and  washed  with  2  M  HC1  (2  x  50  mL)  and  then  with  5% 
sodium  carbonate  (2  x  50  mL)  and  finally  with  brine.  The 
ether  was  then  dried  over  anhydrous  magnesiun  sulfate 
filtered  and  evaporated  in  vacuo  (6.3  g,  25  mmol  61%).  This 
was  further  purified  by  recrystallization  from  ethyl  acetate 
and  petroleum  ether,  the  first  crop  yielded  a  brown  product 
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(2.9  g)  and  a  second  crop  (1.9  g)  was  obtained  on 
evaporation  of  the  followed  by  addition  of  petroleum  ether  to 
give  a  total  purified  yield  of  41%.   *H  NMR  (CDCI3,   300  MHz) 

6.70  (1  H,  d,  J  =15.4),  7.23-7.30  (2  H,  m) ,  7.40-7.48  (4  H, 
m),  7.59-7.68  (2  H,  m) ,  7.91-7.99  (2  H,  m) ,  10.22  (  1  H,  s). 
13C  NMR  (CDC13/  75  MHz)  6  116.18   (1),   123.46   (1),   126.38  (1), 

128.47  (1),  129.05  (1),  130.06  (1),  131.03  (1),  133.89  (0), 
135.30  (1),  147.63  (0),  152.04  (0),  164.94  (0),  188.35  (1). 
MS  m/z  (relative  intensity)  77  (8%),  103  (20%),  131  (100%), 
252  (2%).  HRMS  exact  mass  calc.  for  C16H12O3  (M++l)  252.0786: 
found  252.0741. 

1-Methyl-l , 2 ,3 ,3a, 9b-pentahydrobenzopyran-4-oner  4 , 3-cl 
isoxazole  5  46.  A  solution  of  sodium  hydroxide  (0.174  g,  4.35 
mmol)   in  water  (1.2  mL)  was  taken  in  a  reaction  flask  and 
under  stirring  W-methyl  hydroxylamine  hydrochloride  (0.327  g, 

3.9  7  mmol)  was  then  added  to  the  reaction  mixture. 
Salicylcinnamate  was  added  to  the  reaction  vessel  (0.500  g, 
1.98  mmol).  This  reaction  was  stirred  at  room  temperature  and 
followed  by  TLC.  The  reaction  was  worked  up  after  72  hours  by 
extraction  with  ether  (2  x  40  mL).  The  ether  was  washed  5% 
sodium  carbonate  (30  mL)  followed  by  washing  with  water  (30 
mL).  The  ether  was  dried  over  magnesium  sulfate  and 
evaporated.  The  oil  obtained  (0.260,  0.91  mmol,  46%)  was 
purified  by  flash  chromatography,  using  20:80  ethyl  acetate  : 
petroleum  ether  to  yield  the  product  (0.152  g,  0.54  mmol, 
28%).   iH  NMR  (CDCI3,    300  MHz)   2.82   (3   H,    S),    3.01    (2  H,   m) , 

4.10  (1  H,  dd,  J  =  9.3,   9.9  Hz)   7.32-7.54   (9  H,  m)  .   13C  NMR 
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(CDC13/  75  MHz)  6  40.57  (3),  44.44  (1),  73.41  (1),  127.49 
(1),  129.04  (1),  130.82  (0),  135.70  (0),  172.52  (0).  MS  m/z 
(relative  intensity)  77  (74%),  103  (64%),  130  (100%),  177 
(37%),  250  (36%),  281  (7%).  HRMS  exact  mass  calc.  for 
C17H15NO3  (M+)  281.1052:  found  281.1062. 

N-Benzyl-a-  ( 2-cinnamoyloxv-phenyl )  nitrone  5  47.  //-benzyl 
hydroxyl amine  hydrochloride  (0.859  g,  5.38  mmol)  was  supended 
in  methylene  chloride  (15  mL)  and  triethylamine  (2.25  mL, 
16.1  mmol)  was  added  to  it,  this  dissolved  the  N-benzyl 
hydroxylamine  hydrochloride  followed  by  the  precipitation  of 
the  triethylamine  hydrochloride  salt.  This  mixture  was 
stirred  for  five  minutes  followed  by  filtration.  The  filtrate 
was  subjected  to  high  vacuum  for  a  few  minutes  to  ensure 
excess  triethylamine  was  evaporated.  This  solid  was  titurated 
with  ether  (20  mL)  and  filtered.  The  filtrate  was  dried  over 
anhydrous  sodium  sulfate  followed  by  evaporation  in  vacuo  to 
yield  a  clear  oil  (0.526  g,  4.23  mmol)  which  crystalized  to  a 
solid  on  standing.  The  free  W-benzyl  hydroxylamine  was  then 
dissolved  in  methylene  chloride  (10  mL),  under  stirring 
salicylcinnamoyl  ester  (1.065  g,  4.23  mmol)  dissolved  in 
methylene  chloride  (10  mL)  was  added.  The  reaction  was 
allowed  to  stir  under  room  temperature  for  24  hours.  TLC 
indicated  complete  conversion  in  24  hours.  The  solvent  was 
evaporated  and  the  reaction  purified  by  flash  chromatography 
to  yield  cinnamic  acid  (0.189  g,  1.27  mmol,  30%)  as 
identified  by  proton  NMR.  The  nitrone  was  also  isolated  as  an 
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yellow  oil  547,  (0.510  g,  1.42  mmol,  33%)  along  with  the 
decomposed  nitrone  549,  (0.290  g,  1.27  mmol,  30%)  and  the 
cyclized  product  548,    (0.127  g,   0.35  mmol,   8%).   IR  (CHCI3) 

3037,  2943,  1713,  1631,  1449,  1331  ,  1307,  1149,  978  cm"1;  Ifj 
NMR  (CDCI3,    300  MHz)   4.21    (2  H,    s),    6.40    (1  H,   d,   J=  17.9 

Hz),  7.23-7  .40  (11  H,  m)  7.45-7.52  (3  H,  m)  ,  7.70  (1  H,  d,  J 
=   17.9   Hz)    7.88    (1   H,    bs ) .    13C  NMR   (CDCI3,    75  MHz)   6  56.62 

(2),  115.02  (1),  127.89  (1),  128.16  (1),  128.58  (1),  128.85 
(1),  128.90  (0),  130.61  (0),  134.04  (0),  135.88  (0),  145.74 
(1),  167.27  (0).  MS  m/z  (relative  intensity)  77  (67%),  91 
(89%),  103  (100%),  147  (37%),  237  (21%),  357  (28%).  HRMS 
exact  mass  calc.  for  C23H19NO3  (M+)  357.1364:  found  357.1358. 
1-Benzyl-l , 2 , 3 , 3a, 9b-pentahydrobenzopyran-4-onef  4,3- 
clisoxazole  548.  XH  NMR  (CDCI3,  300  MHz)  62.97  (1  H,  s),  3.00 
(1  H,  s),  3.93  (1  H,  d,  J  =  14.6  Hz),  4.16  (1  H,  d,  J  =  14.8 
Hz),  4.34  (1  H,  dd,  J=  9.3,  8.6  Hz),  7.25-7.51  (14  H,  m) . 
13C  NMR   (CDCI3,    75  MHz)   5  40.34    (2),    56.62    (1  ),    60.86  (1), 

70.17  (1),  127.54  (1),  127.83  (1),  128.39  (1),  129.02  (1), 
129.10  (1),   135.24  (0),  136.13  (0),  172.35  (1). 

M-Methyl-a- ( 2 -hydroxy-phenyl )  nitrone  549.  IR  (CHCI3)  3046, 
2943,  1602,  1478,  1431,  1284,  1131,  1090  cm"1;  XH  NMR  (CDCI3, 
300  MHz)  6  5.05   (2  H,   s),   6.80   (1  H,   t,   J  =  7.5  Hz),   6.94  (1 

H,  d,  J  —  8.3  Hz),  6.98  (1  H,  dd,  J=  7.8,  1.5  Hz),  7.34-7.37 
(1  H,  m),  7.41-7.46  (5  H,  m)  7.49  (1  H,  S).  13C  NMR  (CDC13/ 
75  MHz)  6  68.41  (2  ),  116.43  (  1  ),  118.83  (  1  ),  119.89  (1), 
128.97  (1),  129.16  (1),  132.23  (0),  133.94  (0),  141.08  (1), 
159.47  (0).  MS  m/z  (relative  intensity)  65  (12%),  91  (100%), 
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227  (12%).  HRMS  exact  mass  calc.  for  C14H13NO2  (M*)  227.0946: 
found  227.1003. 

2 , 3-diphenyl-l -hydroxy- 1 , 2 , 3 , 3a , 4 , 9b-hexahvdrof llbenzopyrano- 
r 4 . 3-b 1  pyrrole  553.  The  nitrone  (0.200  g,  0.58  ramol)  was 
dissolved  in  dry  THF  (7.5  mL),  more  THF  (15  mL)  was  then 
syringed  into  the  reaction  vessel  and  dry  nitrogen  was 
bubbled  into  the  reaction  mixture  for  30  minutes  as  the 
reaction  was  cooled  to  -60  °C.  The  NaHMDS  base  (0.64  mmol, 
0.64  mmol,  1  M  solution  in  THF)  was  then  syringed  into  the 
reaction  mixture.  The  reaction  turns  to  a  deep  pink  on 
addition  of  the  base.  The  reaction  was  allowed  to  warm  up 
slowly,  at  -50  °C  the  reaction  turns  light  orange  and  changes 
to  light  yellow  at  -40  °C.  The  reaction  was  stirred  for  two 
more  hours  and  the  temperature  was  -20°C  at  this  time. 
Saturated  ammonium  chloride  (20  mL),  through  which  nitrogen 
had  been  bubbled  for  45  minutes,  was  added  to  the  reaction 
and  stirred  for  a  few  minutes.  The  reaction  was  extracted 
with  diethyl  ether  (3  x  40  mL),  the  ether  had  also  been 
previously  subjected  to  nitrogen  bubbling  through  it  for  30 
minutes.  The  ether  extracts  were  combined  dried  over 
magnesium  sulfate  filtered  and  solvent  evaporated  in  vacuo. 
The  oil  obtained  was  further  purified  using  column 
chromatography  (ethyl  acetate : petroleum  ether; 10:90,  and 
after  the  first  three  spots,  ethyl  acetate :petroleum 
ether;20:  80)  to  give  the  cyclized  product,  553  (0.112  g, 
0.33  mmol,  56%)  and  the  oxidized  compound  554    (0.051  g,  0.15 
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mmol,  27%).  The  compounds  were  recrystallized  from  ethyl 
acetate  and  petroleum  ether.  553:    mp:  151-153  °C;  IR  (CHCI3) 

3566,  3036,  2860,  1608,  1573,  1484,  1261,  1220,  1044  cur*;  1h 
NMR  (CDCI3,   500  MHz )   6  2  .65   (  1   H,   dd,   J  =9.8,    4.4  Hz),  2.72 

(1  H,  m),  3.96  (1  H,  dd,  J  =  10.7,  10.7  Hz),  4.07  (1  H,  d,  J 
=  9.3  Hz),  4.18  (1  H,  dd,  J  =  5.4,  10.2  Hz),  4.22  (1  H,  d,  J 
=  7.3  Hz),  4.92  (1  H,  s),  6.95  (1  H,  d,  J  =  8.5  Hz),  6.99  (1 
H,  m)  7.17  (4  H,  m),  7.22-7.32  (7  H,  m)  7.65  (1  H,  dd,  J  = 
7.5,  1.5  Hz).   13C  NMR  (CDCI3,  75  MHz)  6  39.97   (1),   52.16  (1), 

62.69  (2),  67.26  (  1),  79  .57  (  1),  117  .00  (  1  ),  120.94  (  1), 
122.06  (1),  126.98  (1),  127.52  (1),  127.60  (1),  127.96  (1), 
128.42  (1),  128.73  (1),  129.12  (1),  131.28  (0),  139.83  (0), 
141.55  (0),  155.23  (0).  MS  m/z  (relative  intensity)  65  (11%), 
91  (82%),  117  (100%),  131  (33%),  221  (24%),  343  (61%).  HRMS 
exact  mass  calc.  for  C23H21NO2  (EI)  343.1572:  found  343.1574. 
2 , 3-diphenvl-l , 2 , 3 , 3a , 4 , 9b-tetrahvdror 1 lbenzopyrano- f  4 , 3-bT 
pyrrole- 1 -oxide  554.  mp:  197-200  °C;  IR  (CHCI3)  3000,  1605, 
1573,  1488,  1366,  1331,  1268,  1226,  909  cm"1;  J-H  NMR  (CDCI3, 
300  MHz)  6  2.88  (1  H,  m) ,  4.03  (1  H,  dd,  J  =  11.7,  7.3  Hz), 
4.30  (1  H,  dd,  J=  11.7,  3.9  Hz),  4.52  (1  H,  d,  J=  3.4  Hz), 
5.35  (1  H,  d,  J=  8.1  Hz),  6.89  (1  H,  d,  J  =  8.3  Hz),  7.01  (1 
H,  t,  J  =  7.6  Hz)  7.20-7.36  (9  H,  m) ,  7.87  (1  H,  m)  8.18  (2 
H,   m) .    13C  NMR  (CDCI3,    75  MHz)   6  41.29   (1),   50.02    (1),  65.07 

(2),  68.83    (1),    117.03    (1),    121.61    (1),    127.38    (1),  127.67 

(1),  128.03(1),    128.12    (1),    128.30    (1),    128.56    (1),  129.42 

(1),  130.05   (1),    130.23   (0),    132.38   (0),   139.23   (0),  140.30 

(0),  155.39   (0).   MS  m/z  (relative  intensity)   91   (43%),  107 
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(20),  117  (25%),  121  (10%),  136  (36%),  155  (15%),  242  (100%). 
HRMS  exact  mass  calc.  for  C23H20NO2  (M++l)  (FAB,  NBA) 
342.1494:  found  342.1504. 


APPENDIX  A 
CRYSTAL  STRUCTURE  DATA  FOR  2121 


The  colorless  needles  of  C28H25N1O3S1  are  Monoclinic,  Mr 
=  455.55,  P2i/c,  a  =  17.5009(2)  A,  b  =  9.2315(1)  A,  c  = 
14.2574(2)  A,  p  =  97.810(1)°,  V  =  2282.06(5)  A3,  Z  =  4,  DCalc. 
=  1  .326  g  cm-3,  Mo  Ka  (X  =  0.71073  A) ,  T  =  173  K.  The 
structure  was  solved  by  the  Direct  Methods  in  SHELXTL5,  and 
refined  using  full-matrix  least  squares.  The  non-H  atoms 
were  treated  anisotropically ,  whereas  the  hydrogen  atoms  were 
refined  with  isotropic  thermal  parameters.  399  parameters 
were  refined  in  the  final  cycle  of  refinement  using  4129 
reflections  with  I  >  2o(I)  to  yield  Rx  and  wR2  of  3.74%  and 

9.39%,  respectively. 


Table  1.  Atomic  coordinates  (A  x  104)  and  equivalent 
isotropic  displacement  parameters  (A^  x  10^)  for  212. 

ATOM  x  y  z  U(eq)* 


SI 

1854(1) 

2899(1) 

2390(1) 

23(1 

01 

3116(1) 

1050(1) 

-132(1) 

33(1 

02 

2066(1) 

3968(1) 

3129(1) 

30(1 

03 

1465(1) 

3405(1) 

1496(1) 

31(1 

Nl 

2812(1) 

1925(1) 

575(1) 

25(1 

CI 

2739(1) 

966(2) 

1382(1) 

25(1 

C2 

2752(1) 

2044(2) 

2212(1) 

23(1 

C3 

3297(1) 

3284(2) 

1958(1) 

23(1 

C4 

3434(1) 

2954(2) 

932(1) 

26(1 

Cll 

2083(1) 

-102(2) 

1194(1) 

28(1 

C12 

2065(1) 

-1288(2) 

1796(1) 

39(1 

1  Crystal  Structure  work  kindly  performed  by  Dr.  Khalil  A. 
Abboud 
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Table  1.  Continued. 


ATOM 

x 

v 

i 

z 

U(eq) * 

C13 

\-r  A  <J 

1473 (  1 ) 

-2297 ( 2 ) 

1643( 2 ) 

50(1) 

\—  X  T 

903 ( 1 ) 

-2150(2) 

880(2 ) 

53(1) 

C15 

926(1) 

-996(2) 

268(1) 

48(1) 

C16 

1507(1) 

38  (  2 ) 

424 (  1 ) 

35(1) 

C2 1 

\—  X.  X 

1268(1) 

1611(2) 

2863 ( 1 ) 

25(1) 

^  z. 

1442  1  1  \ 

1219(2) 

3812( 1) 

31(1) 

C73 

962 ( 1 ) 

244 ( 2 ) 

4189(1) 

37(1) 

c?4 

^  x.  1 

320  1 1  ) 

w  Cm  V  ^  X  y 

-309 ( 2 ) 

3631 ( 1 ) 

38(  1 ) 

\-  £  J 

147  M  \ 

106(2) 

2694 ( 1 ) 

38(1) 

X  w 

620 ( 1 ) 

1071 ( 2 ) 

2302 (  1 ) 

32(1) 

C31 

4038 ( 1 ) 

3425 ( 2 ) 

2642(1) 

26(1) 

032 

4160(1) 

4659(2) 

3195(1 ) 

35(1) 

C33 

4837 ( 1 ) 

4825(2) 

3821(1) 

46(1) 

C34 

5398 ( 1 ) 

3778 ( 2 ) 

3896( 1 ) 

45(1) 

C35 

5283(1) 

2533(2) 

3352(1) 

44(1) 

r  3fi 

>w  J  w 

4602  I  1 ^ 

T  \J  U  t.  1    X  1 

2363(2} 

2731 (  1 ) 

36(  1 ) 

C41 

3434(1) 

4275(2) 

304(1) 

31(1) 

C42 

2885(1) 

5364(2) 

310(1) 

41(1) 

C43 

2897(2) 

6559(2) 

-278(2) 

58(1) 

C44 

3457(2) 

6671(3) 

-873(2) 

69(1) 

C45 

3997(2) 

5596(3) 

-888(2) 

65(1) 

C46 

3991(1) 

4393(2) 

-301(1) 

45(1) 

*U(eq)    is    defined    as    one    third    of    the    trace    of  the 


orthogonalized  Uij  tensor. 


Table  2.      Bond  lengths  [A]  and  angles  [deg]  for  212. 


Sl-03 

1.4394(10) 

Sl-02 

1.4540(10) 

S1-C21 

1.763(2) 

S1-C2 

1.8070(14) 

Ol-Nl 

1.447(2) 

01-H1 

0.91(3) 

Nl-Cl 

1.471(2) 

N1-C4 

1.482(2) 

Cl-Cll 

1.509(2) 

C1-C2 

1.543(2) 

Cl-Hl 

1.00(2) 

C2-C3 

1.564(2) 

C2-H2 

0.94(2) 

C3-C31 

1.518(2) 

C3-C4 

1.545(2) 

C3-H3 

0.95(2) 

C4-C41 

1.513(2) 

C4-H4 

0.96(2) 

C11-C16 

1.392(2) 
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Table  2.  Continued. 
Bond  lengths  Angles 


p  i  i —C 1 9 

1    9Qd  t 9  A 

fill  _p  1  9 

1    9RR  I  9  \ 

^it-nit 

0    00  f  9  1 

r  l  9— r  1  d 

1    9Rfi / 9  A 

n  9_m  9 

0    Q  <W  9  \ 

1      Ifil  (11 

pi  A_H1  d 

U  •  y  O  y  Z  J 

V—  J.  O 

1    9Q1  / 9  1 

f)    OR  /  9  \ 
U  •  y  O  ^  Z  ) 

Cl    Qfi  /  9  \ 
[j  •  y  o  ^  z  j 

P91  r"5fi 

i    9flfl  /  9  \ 
1  •  Joo (  Z  ) 

P9  1 _P99 
LZ  J.  -  tZZ 

i  •  _»  y  o  \  z  j 

fio  _P9 9 

U  Z  Z -Li  J 

1    9RR 1 9  ^ 

P9  9  _H9  9 

fl   OR  /  9  1 
J  •  y  o  (  z  ) 

r*9  9_r9d 

1    9R  9  f  9  ^ 

1  •  JO J  (  Z  J 

P9 9  H91 
l~Z  J-tlZ  J 

Pi    Q7  /  9  \ 

P9  A    P9  R 

1    9R  9 / 9 \ 

1 • JO J( J j 

no  A    U9  A 

C\    Q7  /  9  \ 
U  •  y  1  (  Z  J 

P9  ^  PTfi 
LZ J -LZO 

1      OQA 1 9 \ 

i ■ Joi ( z  ) 

pi c    H9  K 

u  •  y  o  (  z  ) 

P9fi  H9fi 
LZ  0- HZ  D 

n    Q  9  /  9  \ 

L  J  1 -C JO 

1  ioc/i\ 
i  . joj(Z  ) 

(TJ1      P>  9  9 

1      9  P  <W  9  \ 
1 • JO J ( Z ) 

(Tjo    P  9  9 

1     9Q9 / 9 \ 
1  .  J  y  Z  (  Z  ) 

P*  9  9    U  9  9 

n    Q  Q  /  9  \ 

P  9  9    P  9  A 

1     97 1  /  9  \ 

/-"  9  9    u  9  9 
U  J  J  — tl  J  O 

n  q  p  /  9  \ 

P  9  A    P  9  ^ 

1     9flfi  /  9  \ 

P  9  A    Hi A 

u  •  7  D  (  Z  ) 

pic  pie 

1     90.  9  /  9  \ 
i  .  J  y  J  (  Z  ) 

poc  ut; 

n  Q9 ( i  \ 

P9fi  Ulfi 

1   nn / 9 \ 

1  .  UU (  Z  ) 

n  a  i  a 

1      1Q1 / 9 \ 

PA  1  PA9 

L4 1  — i~4z 

1      1Q1  /  1  \ 

1  .  J  y  1  (  z  ) 

PM  9    P*A  9 

1     9  P  P  /  9  \ 
1  .  JOO  (  J  ) 

PM  9    VIA  9 
C4  Z  — H4  Z 

1     (\  1  /  9  \ 
1  .  U  1  (  Z  ) 

n  J  0     P1  4  A 

L4  J-C44 

1      9  O  /l  /  A  \ 

1 .  Jo4 ( 4 ) 

pi /I  O     ri/l  T 

r\   q  i  /  9  \ 

P*    A    r*  A  B 

L44— C4o 

1      1  H  T  /  A  \ 

1 .  J  /  J  (  4  ) 

C44-H44 

u .  y  i  ( o ) 

1    901  f  9  \ 

C45-H45 

0.95(3) 

C46-H46 

0.99(2) 

03-S1-02 

117.70(6) 

03-S1-C21 

109.18(7) 

02-S1-C21 

106.56(6) 

03-S1-C2 

109.40(6) 

02-S1-C2 

104.91(6) 

C21-S1-C2 

108.75(7) 

Nl-Ol-Hl 

105(2) 
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Table  2.  Continued. 
Bond  lengths  Angles 


01-N1-C1 

105  .  /4 ( 10  ) 

01-N1-C4 

1  AC      AC  /  1  1  \ 

100 • 90 ( 11  ) 

C1-N1-C4 

1  A  *1      O  A  /  1  1  \ 

104.83(11) 

Nl-Cl-Cll 

1  1   *^       C  /?*  /  1  A  \ 

113.56(12) 

N1-C1-C2 

102.56(11) 

CI 1-C1-C2 

1  1  A      A  C  /  1  A  \ 

119.25(12) 

XT  1        /"I  1        TT  1 

Nl-Cl-Hl 

107.8(8) 

CI  1-Cl-nl 

10  /  .  /  (  O  ) 

C2-C1-H1 

1  A  E      A  /  O  \ 

105.2(8) 

C1-C2-C3 

i  a  a     r\  4  4  i  i  \ 

103.94(11) 

C1-C2-S1 

117.86(10) 

C3-C2-S1 

1  A            A  A  /  A  \ 

106 .39(9) 

C1-C2-H2 

111       A  /  A  \ 

111.9(9) 

/*"*"}             A       TT  A 

C3-C2-H2 

1  1  A      A  /  A  \ 

112.3(9) 

S1-C2-H2 

i  AJ       C  /  1  A  \ 

104.5(10) 

C31-C3-C4 

11"^  AO/1A\ 

113.28(12) 

C31-C3-C2 

11>l  1A/11\ 

114.18(11) 

C4-C3-C2 

104 .65(11) 

C31-C3-H3 

106.0(9) 

C4-C3-H3 

11A  A/1A\ 

110.0(10) 

/"%  A        /""I  "*>        TT  A 

C2-C3-H3 

1AO  "7/1A\ 

108.7(10) 

N1-C4-C41 

111        o        /  1   1  \ 

111.86(11) 

N1-C4-C3 

104 .45(11) 

C41-C4-C3 

114.49(12) 

N1-C4-H4 

1rtO       1  /1rt\ 

108.1(10) 

C41-C4-H4 

106.4(10) 

C3-C4-H4 

111.5(10) 

C16-C11-C12 

118.9(2) 

C16-C11-C1 

122  .06(14) 

C12-C11-C1 

118 . 97(14) 

C13-C12-C11 

120.6(2) 

C13-C12-H12 

120  .  1(11) 

C11-C12-H12 

119.2(11) 

C14-C13-C12 

120.2(2) 

C14-C13-H13 

119.6(14) 

C12-C13-H13 

120  .2(14) 

C13-C14-C15 

119.6(2) 

C13-C14-H14 

118.3(14) 

C15-C14-H14 

122  .2(14) 

C14-C15-C16 

120.8(2) 

C14-C10-H15 

122  .  J ( 12  ) 

C16-C15-H15 

116.8(12) 

C15-C16-C11 

119.8(2) 

C15-C16-H16 

120.4(11) 

C11-C16-H16 

119.7(11) 

C26-C21-C22 

121.31(14) 

C26-C21-S1 

119.60(12) 

C22-C21-S1 

118.99(11) 

C23-C22-C21 

118.72(14) 

C23-C22-H22 

119.6(10) 
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Table  2.  Continued. 
Bond  lengths  Angles 


C2 1-C22-H22 

121.7(10) 

C24-C23-C22 

120.3(2) 

C24-C23-H23 

120 . 7(11) 

C22-C23-H23 

119.1(11) 

C23-C24-C25 

120.4(2) 

C23-C24-H24 

117.5(12) 

C25-C24-H24 

122.1(12) 

C24-C25-C26 

120.3(2) 

C24-C25-H25 

111        J  /  1  O  t 

121 . 4 ( 12  ) 

C26-C25-H25 

118.3(12) 

C25-C26-C21 

119.0(2) 

C25-C26-H26 

120.1(12) 

C21-C26-H26 

120.9(12) 

C36-C31-C32 

1    1    O         A    A     1    1     A  \ 

118.44(14) 

C36-C31-C3 

122  .31(13) 

C32-C31-C3 

119.25(14) 

C31-C32-C33 

120 . 5(2) 

C31-C32-H32 

119.6(11) 

C33-C32-H32 

119.9(11) 

C34-C33-C32 

120.7(2) 

C34-C33-H33 

119.7(13) 

C32-C33-H33 

119.7(13) 

C33-C34-C35 

119.5(2) 

C33-C34-H34 

120 . 3(12) 

C35-C34-H34 

120 . 1(12) 

C34-C35-C36 

119.7(2) 

C34-C35-H35 

122 .7(12) 

C36-C35-H35 

117.7(12) 

C31-C36-C35 

121.1(2) 

C31-C36-H36 

119.1(11) 

C35-C36-H36 

119.8(11) 

C46-C41-C42 

119.3(2) 

C46-C41-C4 

119.1(2) 

C42-C41-C4 

121.55(14) 

C43-C42-C41 

120 .3(2) 

C43-C42-H42 

120.3(11) 

C41-C42-H42 

119.4(11) 

C44-C43-C42 

119.9(2) 

C44-C43-H43 

122(2) 

C42-C43-H43 

118(2) 

C45-C44-C43 

120.2(2) 

/~1     4     I-  , — I    ^     4           »  ■»    4  4 

C.45-C44-H44 

118(2) 

C43-C44-H44 

122(2) 

C44-C45-C46 

120.3(2) 

C44-C45-H45 

121(2) 

C46-C45-H45 

119(2) 

C41-C46-C45 

120.0(2) 

C41-C46-H46 

120.8(13) 

C45-C46-H46 

119.2(13) 

APPENDIX  B 
NOESY  SPECTRUM  OF  207 
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APPENDIX  C 
NOESY  SPECTRUM  OF  2  08 
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APPENDIX  D 
NOESY  SPECTRUM  OF  213 
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APPENDIX  E 
NOESY  SPECTRUM  OF  2 1 4 
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APPENDIX  F 
HETCOR  SPECTRUM  OF  315 


^CO,tBu 
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APPENDIX  G 
HMBC  SPECTRUM  OF  315 
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APPENDIX  H 
NOBSY  SPECTRUM  OF  319 
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APPENDIX  I 
HMQC  SPECTRUM  OF  554 
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(PP"- 

3  .  2-j 

3  .  4- 

3  .  6- 
3.8 
J  .  Q 
4.2 

4  .  4 
4  .  6 

4  .a 
s.o 
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APPENDIX  J 
HMBC  SPECTRUM  OF  55  4 
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